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Abstract
The well-known selective receptor properties and ease o f structural modification 
makes calixarene derivatives attractive materials for use in chemical sensors This 
thesis represents a study of the performance o f a range o f calixarene compounds 
either as the active component of an optical sensor or as the lonophore in 
potentiometnc sensors
Determination of enantiomeric purity has become important in recent years due to 
increasing restrictions on the composition of pharmaceuticals whose efficacy depends 
on a chiral moiety With the aim of enantiomeric selectivity, three novel fluorescent 
calixarenes were synthesised and their interaction with R and S enantiomers of 
phenylethylamine and norephedrine were investigated Stem-Volmer plots were used 
to evaluate the calixarenes and from this it was found that the calix[4]arene with a 
dinaphthylprolinol group attached to the lower nm exhibited the best selectivity of 
the three compounds investigated Using this compound it was possible to determine 
the percentage of one enantiomer in the presence o f the other
In keeping with the increasing popularity o f optical modes o f transducing host-guest 
interaction o f calixarenes, an ammonia gas optical sensor based on the 
mtrophenylazophenol cahx[4]arene ligand was developed The optode membranes 
were prepared from a PVC cocktail composition and exhibited significant colour 
change on exposure to gaseous ammonia Some preliminary studies involving coated 
optical fibres together with a mass flow controller were also earned out 
demonstrating the potential of this chromogemc calixarene for the detection of ppm 
levels o f ammonia
The performance of sodium selective electrodes based on the monoacid denvatives of 
tetramethyl and tetraethyl /?-fert-butylcalix[4]arenes were investigated Virtually no 
difference in selectivity between the monoacid denvatives and the tetraesters was 
found pH stability studies showed that the monoacid denvatives gave best 
performance at neutral pH but at alkaline pH there was a reduction in response which 
did not occur with the tetraesters
A PVC membrane electrode based on an alklylated calix[4]arene tetraphosphine 
oxide was developed and found to be selective for europium (III) m the presence of a 
high background o f sodium and other common ions The results also suggest that 
there is some selectivity within the lanthanide senes itself Two other tetraphosphine 
oxide calixarene denvatives were also evaluated but were found not to be as selective 
as the alkylated calix[4]arene tetraphosphine oxide
1. Literature
1.1 Calixarenes.
The origins o f calixarenes can be traced back to Adolf von Baeyers discovery of 
phenol-formaldehyde resins in the 1870s [1] It was not until early in the twentieth 
century that Leo Baekeland discovered that using a small and controlled amount of 
base the polycondensation o f phenol and formaldehyde proceeds through the ortho and 
para positions leading to a commercially appealing material In 1907 he filed a patent 
on this process for making this highly cross-linked material he called Bakelite [2] In 
the 1940s, Zinke and his coworker Ziegler set out to simplify the problem o f variability 
in the product conformations, by looking not at phenols but at para-substituted 
phenols When the para position is blocked e g  with an alkyl substituent, 
condensation is restricted to a linear progression The base-induced reaction of  
formaldehyde and p-tert-butyl phenol yielded a crystalline product [3] that 
decomposed above 300°C which Zinke assigned as the cyclic tetramenc structure 
shown in Figure 1 2
In 1955, John Comforth discovered that on repeating Zinke’s reaction the products 
were found not to be single components but mixtures He proposed that the 
compounds were diastereoisomers arising from hindered rotation of the phenolic nuclei 
around the methylene linkage [4] However in the 1970s a combination o f 'H, 13C 
NMR and mass spectroscopy revealed that Zinke’s procedure yielded a combination of  
cyclic octamers and hexamers [5, 6, 7] When Gutsche became interested in 
bioorgamc chemistry, known as enzyme mimics, he envisaged Zinke’s cyclic 
compounds as potential molecular baskets His group set out to examine further the 
one-step process o f the p-tert-butyl phenol reaction by varying the solvents, bases and 
reactant ratios [8] This led to the development o f reliable one-pot syntheses 
procedures for the cyclic tetramer, hexamer and octamer from p-tert-butyl phenol, 
formaldehyde and base Calixarenes obtained by this procedure necessarily contain the 
same substituent in the para positions
2
Rn = 4
n
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Figure 1.1: General structure of cahxarenes.
1 (Ü)
Figure 1.2: p-tert-butyl cahx[4]arene
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Many names were suggested for this group of compounds but the term calixarene was 
the more pictorially and descriptively appealing term based on the similarity of the 
basket shapes to a calix (Greek vase or chalice) and the arene which denotes the 
presence o f the aryl groups The number of aryl groups is indicated by the insertion of 
the number between the calix and the arene e g calix[4]arene for tetramers Then to 
indicate from which phenol the calixarene is derived the p-substituent is designated by 
the name e g  the cyclic tetramer from /?-tert-butylphenol is called p-tert-butyl 
calix[4]arene
The parent calixarenes are white crystalline materials characterised by high melting 
points They are insoluble in water and generally have low solubilities in most organic 
solvents, though with appropriate denvatisation, good solubilities can be obtained in 
either medium
These class o f  compounds have attracted appreciable attention because o f their easy 
accessibility and interesting complexmg properties The outcome of all this is the 
publication o f three books [9, 10, 11], a conference senes dedicated solely to the topic 
e g in Texas, USA [12] and not to mention an abundance o f journal publications and 
patent applications
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I l l  Conformations
The special appeal o f calixarenes lies in their 3-dimensional structure Molecular 
models show that calixarenes can never be planar, although numerous conformations 
are possible by rotating the phenolic moieties about the Ar-CH2 bonds Originally four 
principal conformations for calix[4]arenes were distinguished which Gutsche [13] 
labelled cone, partial-cone, 1,2-altemate and 1,3-altemate conformations (Figure 1 3) 
It is now known that calix[4]arenes prefer the cone conformation, an arrangement 
stabilised by a cyclic array o f hydrogen bonds in which each phenolic hydroxyl group 
simultaneously acts as a donor and acceptor In solution, the cone conformation is 
indicated unequivocally by NMR e g  for the tetra-tert-butyl ester o f p-tert- 
butylcalix[4]arene (Figure 1 4), the aromatic protons and tert-butyl protons are 
singlets The four bridging methylene groups are also equivalent, but the two protons 
o f each are non-equivalent m the cone conformation and at low temperature constitute 
an AB system with a coupling constant o f 12-13 Hz On the basis o f Nuclear 
Overhauser Effect experiments on simple cahxarene derivatives [14] the high field 
doublet at 8 3 18 ppm has been assigned to the equatorial proton Hb (closer to the 
aromatic rings) whereas the low field singlet at 8 4 89 ppm to the axial one, HA (closer 
to the phenolic oxygens) At higher temperature these signals broaden, then coalesce, 
and finally become a sharp singlet This behaviour is best understood as a rapid 
interconversion o f opposite (but identical) cone conformations During this 
mterconversion, in which the hydroxyl groups pass through the annulus, the original 
equatorial proton assumes the position o f the axial proton and vice versa so that only 
an average signal is recorded in the *H NMR spectrum
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Figure 1.3: The four principal cahxarene conformations [13]
6
Figure 1.4: ' H NMR spectrum of the tetrasubshtuted t-butyl estei of p-terl- 
calixl4Jarene which shows the fixed com conformation X  _ CH2C()OB u [22/
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1 1.2 Chemical modification
The parent /?-i-butylcalixarenes have been shown to possess very little îonophonc 
activity for alkali metal cations due to their inability to transport these ions from 
neutral aqueous solution through a chloroform membrane [15, 16] However, several 
workers have demonstrated that these calixarenes are amenable to chemical 
modification In these modifications the calixarene acts a substructure or platform to 
which an array of functional groups capable o f acting as primary binding sites may be 
attached via the phenolic oxygens o f the lower nm or the para positions on the upper 
run (Figure 11) The first type of modification, lower nm functionalisation, is easily 
made by either alkylation or acylation The hydroxyl groups provide excellent sites for 
the introduction of groups which have been found to increase the îonophonc nature o f  
the molecules [17] The second type o f modification is possible because o f the ease o f  
dealkylating the /?-tert-butylcalixarenes by Lewis-acid catalysis [18] Modification o f  
the /^-substituents has been shown to increase the solubility in a vanety o f organic 
solvents and in some cases render them soluble in water e g  sulphonated and 
trimethylammomum chlonde calixarenes [19, 20]
1.13 Receptor properties
Undoubtedly the most useful property o f calixarenes is their ability to function as 
molecular baskets and bind neutral and ionic guests in supramolecular arrays There 
have been both rapid and extensive developments in the uses o f the parent calixarenes 
and of chemically modified systems, notably in the extent to which these receptor 
properties are being exploited in analytical devices
The complexation o f alkali and alkaline earth cations by neutral ligands of the type 
shown m Figure 1 5 has been examined extensively by phase transfer from water mto 
an organic solvent (usually dichloromethane), ion transport through liquid membranes, 
stability constant measurements and general patterns o f behaviour are beginning to 
emerge Thus, among the alkali cations, calix[4]arene denvatives have the highest
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affinity for Na+, exhibited as a larger stability constant (m MeOH) and through the 
high per cent extraction into dichloromethane Derivatives o f calix[6]arenes prefer 
larger cations e g Cs+ and Rb+ while derivatives o f calix[8]arenes are generally less 
effective as receptors due to the more open and flexible structures which leads to 
reduced recognition
The tetramenc calixarenes exist in a rigid cone conformation with the polar 
substituents grouped together at one end of the cavity and the hydrophobic moieties 
directed towards the upper run thus conferring a high degree o f preorganisation on the 
molecule The /?-t-butyl tetramethyl ester calix[4]arene (Figure 1 5) exhibits a 
distorted cone conformation with two o f the opposing aromatic rings essentially 
parallel while the other two rings are almost normal to one another The same sort o f  
distorted cone shape is observed in the /M-butyl tetraethyl ester calix[4]arene and in p- 
t-butyl-tetramethylketone calix[4]arene On complexation with an alkali metal ion, the 
distorted cone undergoes a slight conformational readjustment o f the torsion angles, 
the cation being centrally located within the hydrophilic cavity defined by the four 
ester/ketone groups and supported electrostatically by the four etheral oxygen and four 
carbonyl oxygen atoms [21,22] This is demonstrated m the *H NMR spectrum of the 
free ligand, tetra t-butyl ester calix[4]arene and its sodium thiocyanate complex in 
Figure 1 6 By adding variable amounts o f NaSCN in CD3OD to a CDCI3 solution o f  
the ligand the !H NMR spectrum of the latter greatly changes in all signals The 
largest variation in chemical shifts is experienced by axial protons Ha which move 0 73 
ppm upfield and by the aromatic protons which moves 0 38 ppm downfield Also the 
methylene protons o f the acetate moieties move 0 37 ppm upfield whereas all ether 
signals shift downfield on complexation with the sodium ion This behaviour is due to 
the effect o f the complexed cation, which induces downfield shifts on protons which 
are adjacent to the binding sites, and also to conformational changes The upfield shift 
experienced by the methylene protons o f the acetate groups can be explained by 
assuming that upon complexation all these groups adopt a trans conformation, which 
brings the methylene protons out from the hydrophilic oxygen region and above the 
aromatic ring where they experience a shielding effect More difficult to explain is the 
high upfield shift (0 7 ppm) o f the axial protons which appear to be very sensitive to 
small variations m the polar environment o f the ether and ester oxygens, which are m
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close proximity The involvement o f the phenolic oxygens in complexation is indicated 
by the high downfield shift experienced by the aromatic protons This NMR titration 
experiment clearly indicates a l l  stoichiometry for the NaSCN complexing with the 
ligand, since all the signals remain unchanged after the salt/ligand ratio has reached the 
unity value (Figure 1 6c) For lower values o f this ratio (Figure 1 6b) both signals for 
the complexed and uncomplexed are present, indicating that at room temperature, the 
exchange rate between the two species is slow on the NMR timescale
Numerous groups have investigated the different modifications o f the phenolic groups 
and changes m the substituents bonded to the heteroatoms verifying the role played by 
phenolic and carbonyl oxygen atoms m forming complexes with alkali and alkaline 
earth metals This variation o f cation selectivity occurs with modification of both the 
lower rim phenolic oxygens and upper run /-butyl group and this has become the 
subject o f a number o f publications [23, 24, 25]
1 0
(b)
1 (vii)
Fi gur e 1.5:  X-ray crystal structure o f  the tetramethyl substituted calixarene receptor 
[21] (a = side view and b = top view). Data obtained fo r  structures from  the 
Cambridge Crystallographic database and converted to Hyperchem v. 4.0. Blue — 
carbon atoms and red = oxygen atoms. Hydrogens not shown fo r  clarity.
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Figure 1.6: Encapsulation of NaSCN by cahxf4]arena ester 1H NMR spectrum in 
CDCh at 25 °C (a) free ligand, (b) 40% complex and (c) ¡00% complex [22]
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1 1 4  Applications of Cahxarenes
Von Baeyer's phenolic resins were first commercially used in Bakelite Scientists in 
several countries are now looking for applications for cahxarenes, the second 
generation o f the phenolic resins and more than 80 patents have already been 
registered
One o f the first applications was that o f the Petrohte company m the US who in 1950 
marketed the product o f O-alkylation of p-tert-butyl phenol formaldehyde oligomers as 
a surfactant with excellent demulsifying properties Most o f the more recent 
applications are associated with their properties as molecular receptors For example, 
Izatt has applied the alkali binding ability o f cahxarenes to the recovery of caesium 
from aqueous solutions containing mixtures o f cations that are found in nuclear waste 
[26] Several Japanese patents describe the recovery o f uranium from sea water by 
using a calix[6]arene hexacid 'super-uranophile' attached to polystyrene [27] The 
addition of calixarene derivatives to cyanoacrylate adhesives (super glue) is claimed to 
reduce fixation times and make a more durable bond [28]
Analytical applications are beginning to emerge for sensors [29, 30] and 
chromatography [31] Ion-selective electrodes for K+ and Cs+ have been successfully 
made using dioxacalix[4]arene [32] and calix[6]arene [33] respectively as the 
lonophore However, the most successful sensor application involves using 
calix[4]arenes to make PVC membranes which show remarkable Na+ selectivity This 
material has been used to make bench and miniaturised Na+ selective electrodes [34] 
and a Na+ detector for flow injection analysis [35] These devices have been used to 
determine Na+ in human blood plasma [36] and the results show excellent agreement 
with those obtained from laboratory analysers
Some applications in chromatography include using p-tert-butylcalix[8]arene as a 
stationary phase in GC for separating alcohols, chlorinated hydrocarbons and 
aromatics [37]
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1.2 Chirality
Chirality means handedness and is based on the Greek word for hand ‘cheir’ A chiral 
molecule is one that is non-supenmposable on its mirror image The human hand is 
probably the simplest example o f chirality because it exists in two identical mirror 
image forms Chiral molecules, like human hands, also have a right-handed and left- 
handed form
If in a molecule a carbon atom is bonded to four different atoms or groups o f atoms 
(Rl, R2, R3, R4) the spatial orientation around the central carbon atom can be 
arranged m two ways, as can be seen in Figure 1 7 The two molecules shown are 
non-identical mirror images because of the opposite configuration around the chiral 
carbon and are called enantiomers Other words referring to such a pair o f molecules 
are optical antipodes or optical isomers Enantiomers rotate plane-polansed light upon 
passage through a solution or solid under the same angle but m opposite directions (+ 
or - ,  dextro (d) or laevo (1)) for that reason they are called optical isomers A 
racemic mixture, or racemate, contams two equal portions o f each enantiomer and, 
therefore, shows no net rotation o f polarised light
A more general name for chemical molecules that differ in their spatial structure is 
i stereoisomers Enantiomers are those stereoisomers that have a chiral centre and are 
mirror images If a molecule possesses more than one chiral centre, e g , n chiral 
carbon atoms, then 2” stereoisomers are theoretically possible The relationship 
between stereoisomers can be seen in Figure 1 8 These may be mirror images 
(enantiomers) or stereoisomers that are not enantiomers but, in this case, 
i diastereoisomers Thus all enantiomers are stereoisomers but not all stereoisomers are 
enantiomers
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MIRROR 
1 (viii) 1 (ix)
Figure 1.7: The chiral carbon atom and its two mirror-image forms
OH OH OH
.COOH A  .COOH .COOH
HOOC HOOC HOOC
OH OH OH
S, R R, S Meso
A B C
1 (x) 1 (xi) 1 (xii)
Figure 1.8: The stereoisomers of tartaric acid A and B are a pair of enantiomers, C 
is a meso compound (a diastereoisomer of A and B)
12 1 Labelling of chiral molecules
Enantiomers can be indicated as (+)/(-), d/1, D/L or R/S The first two refer to the 
direction to which the enantiomer rotates polarised light, d or (+) means rotation to the 
right and 1 or (-) signifies rotation to the left The D/L and R/S notations describe the 
absolute configuration around the chiral centre The D/L notation gives a correlation 
between the configuration o f the molecule and the configuration o f D/L glyceraldehyde 
and is mainly used for amino acids and carbohydrates [38] A monosaccharide which 
has its highest numbered chiral carbon with the same configuration as D- 
glyceraldehyde is designated D One in which it has the same configuration as L- 
glyceraldehyde is labelled L The R/S system is related to the Cahn-Ingold-Prelog 
sequence rule [39] and is based on the configuration and atomic number o f the four 
substituents attached to the asymmetric carbon The groups around the chiral centre 
are ordered in a sequence according to the following basic rules
1 Higher atomic number is given priority
2 Higher atomic mass is given priority
3 Cis is prior to trans
4 Like pairs [(R,R) or (S,S)] are poor to unlike pairs [(R,S) or (S,R)]
5 Lone pair electrons are regarded as an atom with atomic number zero
By use o f these rules, the groups, ordered in a sequence 1 > 2 >3 >4, are viewed in 
such a way that 4 (of lowest priority) is pointing backwards from the viewer The 
remaining groups are then counted When the group priorities follow a clockwise 
direction the chiral centre is labelled R and when the group priorities follow an anti­
clockwise direction the chiral centre is labelled S (see Figure 1 9)
1 6
R S
1 (xiii) 1 (xiv)
Figure 1.9: The R and S nomenclature system [39]
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1.2.2 The importance of chirality
The existence o f optical isomerism has been known since the first half o f the 19th 
century In 1838, Jean-Baptiste Biot discovered optical activity [40] In 1850, Louis 
Pasteur isolated, with no more technical support than a pair o f tweezers and a 
microscope, for the first time m history a pair o f non-supenmposable mirror-image 
crystal forms After acid treatment the isolated crystals o f sodium ammonium tartrate 
liberated d- and /-tartaric acid [41] From Pasteur’s first optical resolution of a 
racemate to modem sophisticated chromatographic techniques, there has been a 
formidable accumulation of stereochemical knowledge
Nature's well-known ability to produce and convert chiral compounds with a 
remarkable stereospecificity has always been fascinating The insight mto enzyme 
structure and stereochemistry that mainly comes from kinetic and X-ray 
crystallographic studies has brought about a recognition o f the importance o f the 
spatial arrangement in multi-component active site-substrate interaction Similarly, the 
interaction between biologically active compounds and receptor proteins often shows a 
high or complete antipodal specificity Even more striking examples o f chiral 
discrimination in physiological reactions are found in the hormone field e g  the 
catecholamines Catecholamines are human endogenous compounds, which are 
extremely potent as regulatory hormones, affecting blood pressure and other important 
body functions The immediate precursor o f catecholamines is L-dopa, which yields 
dopamine after enzymatic decarboxylation A completely stereospecific enzymatic 
hydroxylation then converts dopamine into a chiral compound, norepinephrine which 
is then converted to epinephrine The enzymes in these reactions are totally 
stereospecific, acting only on the L-enantiomer A common treatment for Parkinsons 
disease is therefore based on the administration o f the L-form to increase the level o f  
dopamine in the patients The importance o f the correct configuration at the chiral 
centre o f epinephrine and its analogues is evident from the fact that the natural R-(-)- 
epinephnne is at least twenty times as active as its enantiomer
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More importantly, from our point of view, numerous drugs are synthetic racemic 
compounds and used as such Although this has often been quite adequate, there may 
exist the possibility that one o f the two enantiomers is undesirable A tragic example 
was the use of thalidomide, a sedative and sleepmg drug used in the 1960s, which 
caused serious malformations in the new-born of women who had taken the drug 
during the early phase o f pregnancy In 1979 it was shown that it was only the (S)-(-)- 
enantiomer o f thalidomide that possessed the tetratogemc action Furthermore, this 
enantiomer was without importance for the desired sedative or sleep-inducing 
property Therefore if the (R)-(+)-enantiomer alone had been given, no tetratogemc 
effects would have appeared and the drug might perhaps still have been used For 
such reasons the pharmaceutical industry is becoming more and more mterested in 
methods to resolve racemates into optical antipodes in order to be able to subject these 
individually to pharmacological testing
Nowadays dramatic cases such as that o f thalidomide are rare, reflecting the strict 
procedures laid down by the regulatory authorities, and the appropriate manufacturing 
and control procedures adopted by most companies before a drug is commercialised 
Moreover, major advances in asymmetric synthesis, preparative chiral purification 
methods and chiral chromatographic separation techniques, have helped drug 
companies to produce stereochermcally pure drug compounds that show optical 
pharmacotherapy
Chiral chromatography is the main method for the resolution o f enantiomers Analysts 
in the pharmaceutical industry now face the challenge o f monitoring the stereoisomenc 
composition o f potential drugs during both the discovery and development stages 
They usually need to characterise the drug stereochemically for purity and/or purity 
profiling after asymmetric synthesis, for determining the fate o f a chiral molecule and 
it's metabolites ( which may also be chiral) during in vivo and in vitro studies, and for 
preparative chromatographic separation of enantiomers for pharmacological 
evaluation While chiral chromatography has many advantages, its main disadvantage 
lies in the fact that it does not provide the chemist with real-time information on the 
resolution o f the racemates, m the pharmaceutical industry
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1.3 Resolution of enantiomers by host-guest 
interaction.
A host-guest relationship involves a complimentary stereoelectromc arrangement of 
binding sites in the “host” and “guest” The host component is defined as an organic 
molecule or ion whose binding sites converge in the complex, the guest component is 
defined as any molecule or ion whose binding sites diverge in the complex [42] 
Cyclodextnns, their derivatives, and chiral crown ethers, are hosts which spatially 
enclose the guests (analytes) or at least part o f them Because o f this property, these 
molecules have been extensively used in enantiomer resolution in HPLC, GC, CZE and 
chiral sensors
1.3.1 Cyclodextnns
Cyclodextnns— cycloamyloses, cygloglucans, or cyclomaltooligoses—  were isolated 
as degradation products o f starch by Villers as long ago as 1891 [43], but it was not 
until 1904 that they were charactensed by Schardinger as cyclic oligosaccharides [44] 
Almost two decades before Pedersen’s synthesis o f crown ethers [45], Freudenberg 
and Cramer in 1948 recognised the ability o f cyclodextnns to form molecular inclusion 
complexes [46] Cyclodextnns (CDs) are a homologous senes o f non-reducing cyclic 
oligosacchandes made up o f six, seven or eight D-(+)-glucopyranose units connected 
via a - 1,4,-glycoside bonds and designated as a-, P-, and y- respectively The structure 
o f P-cyclodextnn is shown m Figure 110 The inner diameter o f the cavity measures 
5 1,1 % and 9 5 angstroms for a-, P-, and y- respectively
2 0
Figure 1.10: Structure o f  {Vcyclodextrin [47]. Data fo r  structures obtained from  the 
Cambridge Crystallographic Database and converted to Hyperchem (v. 4.0). Blue = 
carbon atoms and red = oxygen atoms. Hydrogens not shown fo r  clarity.
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They are obtained biotechnologically via enzymatic degradation o f the glucose units o f  
the polysaccharide starch These CDs are chiral molecules as each glucose unit 
contains five chiral atoms This means that the P-CD contains 35 chiral atoms These 
compounds, which have the shape of a truncated cone, have a hydrophobic inner 
cavity The chiral cavity, lmed by hydrogen atoms and glycosidic oxygen bridges, is 
nmmed by secondary 2- and 3-hydroxyl functionalities at the larger opening and by 
primary 6-hydroxyl groups at the smaller orifice The surface o f the molecule is 
relatively hydrophilic and therefore CDs are soluble in aqueous systems The solubility 
of CDs in both water and organic solvents can be substantially increased by 
derrvatisation the protons o f the hydroxyl groups are replaced by one or more methyl 
groups e g methyl-CD, dimethyl-CD, tnmethyl-CD, hydroxyethyl-CD and 
hydroxypropyl-CD, leading to extended CDs Enantiorecogmtion o f CDs is based on 
the inclusion of an aromatic functional group o f the guest in the hydrophobic cavity 
(host-guest complexation) Additional hydrogen bondings between the substituents (at 
the chiral centre) in proper spatial orientation, and the secondary hydroxyl groups at 
the cavity entrance contribute to the inclusion-complex stability For maximum 
recognition the chiral centre o f the analyte must be close to the entrance o f the cavity
13 2 Crown ethers.
The discovery o f crown ethers by Pedersen [48] opened the door to a new field of 
chemistry They are macrocyclic polyether ring systems consisting o f several oxygens 
joined by ethylene bridges and are also classed as lonophores because they are able to 
form stable and selective complexes with various inorganic and organic cations The 
first identified crown ether, named “dibenzo-18-crown-6” (Figure 111)  was not the 
target o f synthesis in his experiment but a slight amount o f unexpected by-product m a 
0 4% yield However his appreciation o f the importance o f the discovery, followed by 
energetic research in the area established the foundation for the present status o f crown 
ethers in chemistry
22
Pedersen named these macrocyclic polyethers with specific charactenstics “crown 
ethers”, because o f their chemical structure as well as the fact that the shape o f the 
complexes resembled a crown The conformation o f the crown ether molecule is very 
flexible, and this confers very good solubility, not only in hydrophilic solvents such as 
water and alcohols, but also m hydrophobic solvents like benzene and chloroform
These ligands, which are classified in the family o f coronands, are able to form stable 
and selective complexes with alkali, alkaline-earth and primary ammonium cations A 
second, more sophisticated generation o f macrocycles are the cryptands o f Lehn [49] 
and spherands o f Cram [50] (Figure 112) As an acknowledgement o f the substantial 
contributions they made host-guest chemistry, Pederson, Lehn and Cram were 
awarded the Nobel Chemistry Prize in 1987
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1 (xvi)
Figure 1.11: dibenzo-18-crown-6 [48]
Cryptand
Me
1 (xviii)
Spherand
Figure 1.12 Structure of typical cryptand and spherand [49, 50]
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13 2 1 Chiral crown ethers
The first chiral crown ethers to exhibit chiral recognition towards enantiomeric 
substrates were described by Cram [51] in 1973 They were prepared from optically 
pure 2,2’-dihydroxy-l,r-bmapthyl and examples are shown m Figure 1 13 The 
isolation o f optically pure enantiomers o f this diol reflects its axis o f chirality resulting 
from hindered rotation about its naphthalene-naphthalene bond A chloroform solution 
of the chiral receptor molecule, bisbinaphthyl-22-crown-6 (1 xx), is capable of 
extracting twice as much or the (R) enantiomer as o f the (S) enantiomer from racemic 
a-amino-ester hexafluorophosphate salts [52] D-manmtol and L-tartanc acid served 
as precursors to the first chiral 18-crown-6 derivatives (Figure 1 14,1 xxi-1 xxiv and 1 
xxv-l-xxviii respectively) reported in 1975 [53] Simultaneously with the publication 
o f these, Lehn and coworkers [54] described the preparation o f chiral 18-crown-6 
derivatives containing four carboxamide groups from L-tartanc acid (1 xxix)
Prelog and coworkers [55] chose 9,9’-spirobifluorene as a starting matenal for 
synthesising chiral crown ethers since (i) it has a more ngid carbon skeleton than the 
l , l ’-binaphthyl unit and (u) it can be substituted easily m the 2 and 2’ positions by 
electrophilic reagents (Figure 1 15)
More recently, Izatt and coworkers [56] have studied the equilibnum constant, 
enthalpy change and entropy change values for the interactions o f a senes o f chiral 
pyndino-18-crown-6 type ligands with enantiomers o f several pnmary alkylammomum 
salts in vanous solvents The extent o f enantiomenc recognition and the stabilities of 
the chiral crown ether-ammomum salt complexes were found to depend on the many 
factors including the following
1 the ligand should be able to form reasonably stable complexes with the chiral 
guests If the conformation o f a chiral ligand is twisted such that the three point 
hydrogen bond cannot form between the pnmary ammonium cation and the ligand, 
the ability o f the ligand to recognise guest enantiomers will be poor
2 the ligand molecule should be rather ngid If the ligand is too flexible, it will be 
able to match both enantiomers o f a guest equally well by adjusting the 
conformation
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3 the chiral centre must be positioned to influence the R group on the ammonium 
cation, but not the three point hydrogen bonding
The classes o f chiral crown ethers discussed thus far are the most common However 
they may also be prepared from a great many other chiral starting materials, including 
glycerol derivatives, optically active cyclohexanediols and D-ephednne [57]
2 6
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Figure 1.13: Cram’s substituted binaphthyl-2O-crown-6 and bisbinaphthyl-22-crown- 
6 [51]
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Figure 1.14: Chiral crown compounds obtainedfrom D-manmtol andL-tartaric acid 
[53, 54]
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1 (xxx)
Figure 1.15: Crown Compound containing chiral 9,9 ’-spirobifluorene units [55]
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1.3.3 Chiral chromatography
Over the last decade HPLC and GC have been used extensively to perform chiral 
separations There are principally three methods for resolving enantiomers by HPLC 
Two exploit conventional column technology, either by formation o f diastereomenc 
derivatives, or by the use o f chiral mobile phase additives A third method involves the 
use o f chiral stationary phases which is also used in GC for enantiomeric separation 
The use o f cyclodextnns and crown ethers in the formation o f inclusion complexes 
with enantiomers either as chiral stationary phases or as mobile phase additives will 
now be discussed
13 3 1 Cyclodextnns in chiral chromatography
The major development in chiral liquid chromatography (LC) with cyclodextnns 
started with the technique o f using them as mobile phase additives in TLC expenments 
[58,59] This technique was then applied with success to column chromatography 
where the CD was used as a chiral selector in the mobile phase together with an achiral 
column The CD was mainly used in the p-form in conjunction with a column working 
in reversed phase mode employing Cig-silica and an aqueous buffer system [60,61]
HPLC separation o f compounds containing chiral centres with chiral stationary phases 
(CSPs) has seen a tremendous increase in recent years In the past decade, much 
research has centered on the use o f cyclodextnns as CSPs for the LC separation of 
enantiomers CD CSPs were prepared by immobilising CD in polymenc structures 
[62,63] or on silica gel [64], the later showing good performance on an analytical 
scale Optimisation o f the enantioselectivity can be achieved by modifying different 
factors, such as the concentration and nature o f organic modifiers, pH, temperature 
and buffer concentration Although reversed phase modes are usually employed with 
the cyclodextnn-based CSPs, analytical applications m the normal mode have also been 
reported [65]
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Much of the early work on the use o f native cyclodextnns as GC stationary phases was 
done by Smolkova-Keulemansova and coworkers [66,67] and Sybilska [6 8 ] Native 
cyclodextnns sometimes were difficult to use as capillary stationary phases and 
generally inefficient due to their limited temperature range (maximum 70°C) and low 
theoretical plate numbers of about 950-1250 for columns two metres long (CD 
columns in HPLC give about 8000 theoretical plates for a length of 25 cm) 
Meanwhile, other researchers advanced two rather universal approaches using 
cyclodextnn denvatives In 1987, Novotny and Schung introduced permethylated (3- 
cyclodextnn, dissolved in a moderately polar polysiloxane, for the enantiomenc 
separation o f many classes o f compounds at a temperature range of 0-220 °C [69] In 
1988, Komg, Wenz and colleagues [70], and in 1990, Armstrong [71], reduced the 
minimum working temperature o f the stationary phase by using undiluted, low-melting 
cyclodextnn denvatives containing »-pentyl groups
An easy way to create enantioselectivity in capillary electrophoresis is by adding chiral 
selectors to the buffer solution Cyclodextnns are by far the most common of all chiral 
additives in capillary zone electrophoresis Denvatised cyclodextnns are usually 
employed at a low pH where the electroosmotic flow is minimal and the uncharged 
cyclodextnn does not migrate Basic compounds can migrate towards the detector 
once protonated and can form inclusion complexes on route with the cyclodextnns 
Enantioseparation is based on the premise that one enantiomer has a higher inclusion 
complex stability constant and migrates more slowly through the capillary, effecting a 
chiral resolution Examples o f the use o f this method for the separation o f racemic 
mixtures o f pharmaceutical products and amino acids are well documented in the 
literature [72,73] Cyclodextnns are also employed m micellar electrokinetic 
chromatography Cyclodextnns are solubilised by sodium dodecyl sulphate giving nse 
to micelles with enantioselective centres [74] Another method recently developed 
involves fixing the cyclodextnn on the capillary surface Thus the high efficiency of  
CE can be combined with the enantioselectivity o f permethylated P-cyclodextnn 
polysiloxane phase [75], chemically bonded by an octamethylene spacer
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1 3 3 2 Crown ethers m chiral chromatography
Cram and coworkers were the first to recognise the potential o f optically active crown 
ethers for the separation o f enantiomers in liquid chromatography [76, 77] The 
staggered arrangement o f the binaphthyl rings in the structure o f Cram’s crown ethers 
behaves like a chiral bamer for the enantiomers The chiral crown ether was used 
either m the mobile phase or covalently bonded to a silica support Such a chiral host 
is able to discriminate between enantiomeric ammonium compounds, such as esters of 
D- and L-amino acids, because the multiple hydrogen bonds formed between the 
ammonium group and the ether oxygens will, for stenc reasons, lead to a less stable 
complex with one of the enantiomers Separation o f a variety o f optically active 
amines using chiral crown ether stationary phases have subsequently been reported 
[78,79]
Kuhn et a l [80] described for the first time the separation of racemic amino acids by 
means o f CZE using 18-crown-6-tetracarboxylic acid, a chiral crown ether derivative 
(Figure 116) This molecule was also used for the separation o f primary amines [81] 
The cavity o f crown ethers shaped by the ring is able to form complexes with cations if 
their size fits in the cavity In particular 18-crown-6 forms complexes with potassium, 
ammonium or protonated alkyl amines [45] All six oxygens o f the polyether are inside 
the cavity and roughly define a plane [76] As discussed in detail by Cram [76, 77] and 
Lehn [82] the ammonium cation forms complexes through three "NH O hydrogen 
bonds in a tnpod arrangement Enantiorecogmtion depends on a second interaction 
In the case o f chiral alkyl amines e g a-amino acids, as guest molecules the plane 
formed by the oxygens is perpendicular to the N-C* bond axis o f the amino acid, where 
C represents the chiral centre o f the guest The substituents o f the crown ether are 
also arranged perpendicular to the plane and act like barriers dividing the space 
available for the three remaining functional groups o f C* Thus two diastereomenc 
complexes with different equilibrium constants are formed depending on the size and 
stenc arrangement of the substituents
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Figure 1.16: The structure o f [18]-crown-6 tetracarboxyhc acid [80]
3 2
1.3.4 Chiral sensors.
Cyclodextrins and crown ethers have also been used as the active component o f chiral 
sensors in the determination of enantiomeric purity either as the ionophore in 
potentiometric sensors or in optical sensors. While there have been a number of 
publications in this area it was necessary to be critical o f some o f the reported results.
1.3.4.1 Cyclodextrins in chiral sensors.
Potentiometric chiral sensors based on functionalised cyclodextrins have been 
developed by Parker and coworkers [83,84], They synthesised peroctylated 
cyclodextrins which are lipophilic and suitable for incorporation into solvent polymeric 
membranes and investigated their ability to measure enantiomeric purity o f chiral 
molecules incorporating aryl rings e.g., ephedrine. The ion-selective electrodes were 
calibrated using a constant dilution technique and a fixed interference method was used 
for selectivity coefficient measurements with a background o f serum levels o f NaCl, 
KC1 and CaCl2. Using bis(l-butylpentyl)adipate (BPPA) they obtained calibration 
graphs for electrodes with a-CD-BPPA membranes with NH4CI inner filling solution 
that were conditioned in either in (+) or (-) ephedrine hydrochloride (Eph.HCl) in the 
presence and absence o f serum levels o f the cations (Figure 1.17). On the basis of 
these calibration plots the authors claimed that the slope of the (-)-Eph.HCl sensor was 
10 mV/decade lower than that o f the (+)-Eph.HCl sensor (in the absence of cations). 
The difference in electrode potentials between enantiomeric electrodes AE[(+) - (-)] in 
the appropriate 0.1 mol dm'3 solutions was found to be 26.0 mV which the authors 
erroneously claimed to be -logK ^y^ 2.7 where:
-logK ^/(_} = [E(+) - E(.)]/S. where S = electrode slope. Eq. 1.1
However, by our calculations -logK ff)/(_) = 0.44. This value is very small compared to 
conventional ion-selective electrodes where good selectivity usually results in a value 
of the -logK ^ l(i) being between 2 and 3. On examination of the calibration plots in
the absence o f cations (3 and 4 on the graph), the (-)-Eph.HCl sensor has a higher 
potential than the (+)-Eph.HCl sensor at a concentration o f -log[6.5] up to about -
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log[3 5] where the two plots overlap and cross At « -log[l] the (+)-Eph HC1 sensor 
has a higher potential than the (-)-Eph HC1 sensor This may be due to a shift in 
reference electrode potential or error in the readings This difference in electrode 
potential at either ends o f the concentration scale and the absence o f standard deviation 
(error bars) would suggest that the data for these plots is questionable
The performance of the electrode was also assessed in solutions containing ephednne 
o f varying enantiomeric purity The electrodes were conditioned overnight in the 
appropriate Eph HC1 solution (Figure 1 18) From their data, the (-)-Eph HC1 sensor 
appears to be more sensitive o f the two as it gives a near linear e m f  response 
However, the difference o f 20 mV between 100% o f one enantiomer and 100% o f the 
other enantiomer is a very small range and would prove difficult to perform analytical 
measurements without a significant error being involved No analytical measurements 
were earned out to determine the enantiomeric punty o f some simulated samples so it 
would be difficult to assess how this method could be used with good accuracy and 
precision
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Figure 1.17: Calibration graphs fo r  electrodes with a-CD-BPPA membranes with 
NH4Cl inner filling solutions I*, (+)-Eph HCl, 2 , (-)-Eph HCl, 3, (-)-Eph HCl, 4, 
(+)-Eph HCl * Background o f  serum levels o f  Na+, fC and Ca2+ [84]
(1 S.2R) Enantiomeric purity (%) (ifl,2S)
Figure 1.18: Behavioui o f  the electrode in solutions o f varying enantiomeric excess 
Electroactive membrane a-CD-BPPA, inner filling solution I 0 mmol dm 3 NH4Cl, 
conditioned in I 0 mmol dm ' (4)~ or (-)-Eph HCl J, (-)-Eph HCl-BPPA and 2, (\ )-  
Eph HCl-BPPA ¡84J
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1 3 4 2 Crown ethers in chiral potentiometnc sensors
The ability o f chiral crown ethers to bind chiral ammonium ions with differing 
enantiomer selectivity prompted their use in potentiometnc sensors Yasaka [85] 
reported on the enantiomer selectivity o f chiral crown ethers with tartanc acid and 
phenylalanine methyl ester as chiral units by a membrane electrode method The 
enantiomer selectivity for both hydrochlonde salts o f phenylalanine methyl ester and 
phenylethylamine were investigated They reported values o f 1 4 (-log =
0 15) are given for the selectivity o f the crown ether with phenylalanine methyl ester 
residues attached for R- and S-phenylalamne methyl ester salts which is a very low and 
would senously limit practical applications This sensor is also limited by their 
sensitivity to high Na+ and K+ and therefore cannot be used m a clinical background of  
serum cations The enantiomer selectivity o f a senes o f chiral crown ethers (e g  1 (xx) 
and 1 (xxx) in Figure 113 and Figure 115) was also investigated by the same method 
using ammonium salts as substrates [8 6 ] The AE [(+) -  (-)] (0 01 mol/dm3) for 
phenylethylamine, for example, using a membrane electrode incorporating compound 1  
(xx) was found to be 12 1 mV and an enantiomer selectivity factor o f 1 6  The 
enantioselectmty observed with the other chiral crown ethers in the expenment with 
substrates such as ephednne and phenylglycine methyl ester, were below this value 
This impUes that the electrodes did not exhibit good enantiomer selectivity Solvent 
polymeric membranes containing another chiral crown ether (Figure 1 19) have shown 
a slightly higher enantiomer selectivity for R- over S-phenylethylammomum ions [87] 
than that discussed above A AE [(+) -  (-)] value o f 25 1 mV at 0 1 mol/dm3 and an 
enantiomer selectivity factor o f 2  6  was reported
The best data reported is based on polymenc membrane electrodes incorporating 
another chiral crown ether (Figure 1 20) [8 8 ] The electrodes based on R- and S- 
forms o f the crown ether exhibited a Nemstian response to D and L-phenylglycine 
methyl ester (PGM), respectively, in the range above lO-4 mol /dm3 The S-electrode 
showed a greater response to L-PGM than D-PGM The potential difference between 
the responses to 10'2 mol /dm3 L-PGM and D-PGM with the S-electrode reaching a 
value o f 6 6  mV The enantiomer-selectivity factor for PGM was calculated to be 13 1
3 6
1 (xxxii)
Figure 1.19: Tetracarboxamide chiral crown ether [87]
0 '
1 (xxxiii)
Figure 1.20: (S)-2,3 4,5-bis[J,2-(3-phenylnaphtho)]-l,6,9,12,15,18- 
hexaoxacycloeicosa-2,4-diene [88]
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1 3 4 3 Crown ethers as optical sensors for chiral compounds
The breakthrough in differentiating between the enantiomers o f chiral amines by 
UV/Vis spectroscopy was achieved in 1985 by Misumi [89] The chiral hosts such as 
that shown in Figure 1 21 could be prepared through a combination o f the acid 
(phenolic) crown ethers with 2,4-dimtroazobenzene units as colour-giving component 
Addition o f amines (e g  phenylethylanune and napthylethylamine) to ethanolic 
solutions o f the chiral crown ether afforded violet solutions o f the ammonium 
phenolates and distinct shifts o f absorption maxima in the UV/VIS spectra (up to 11 
nm) between complexes with the enantiomeric forms o f the guest The visual 
differentiation between the enantiomers o f a guest with the host molecule was, 
however, not possible because the difference in wavelength o f the absorption maxima 
o f the diastereomenc complexes was too slight
More recently Shinkai et a l [90] were able to intensify the effects for the chiral 
recognition o f optically active ammonium ions by chiral crown ethers They utilised 
the property that the wavelength o f reflection for incident light in cholesteric liquid 
crystals depends on the pitch o f the helical structures in the liquid crystalline phase 
Hence, introduction o f complexes o f steroid crown ether (Figure 1 22) with chiral 
ammonium compounds into a cholesteric liquid-crystal matrix gave visible colour 
changes The difference in wavelength o f reflection between the diastereomenc 
complexes was up to 65 nm and thus capable o f observation with the naked eye The 
conventional chromophonc group was no longer required, as in this case the whole 
system o f crown-ether complex and liquid crystal functions as (supramolecular) 
chromophore
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Figure 1.21 : An example of a chiral azophenohc crown ether [89]
1 (xxxv)
Figure 1.22: Steroidal crown ether [90]
Over the past few years, considerable effort has been directed towards the 
development o f chemical sensors based on optical transduction (optodes or optrodes) 
The general principle o f ion-selective optode membranes, based on conventional 
lonophores, was employed by Simon and coworkers [91] to design a new approach to 
the determination o f enantiomeric excess A highly lipophilic chiral crown derivative 
(Figure 1 23) which is known to exhibit high selectivity for a chiral organoammomum 
guest cation, is combined with a tT-selective chromoionophore, ETH 5294 m a 
plasticised PVC membrane Two pairs o f optical membranes (mounted on glass plates 
m a flow through cell), one incorporating the R-enantiomer o f the crown ether (a) and 
the other the S enantiomer (b), were equilibrated with pH-buffered solutions 
containing different concentrations o f (R)-PEA and (S)-PEA ions Figure 1 24 
represents the absorbtion spectra for each pair o f enantiomers The protonated form of 
the chromoionophore ETH 5294 shows two absorption bands with maxima at 610 nm 
and 660 nm and the deprotonated form absorbs at 540 nm A high concentration o f  
PEA ions leads, therefore, to a decrease in absorbance at 610 nm and 660 nm The R 
enantiomer o f the crown ether is more selective for (R)-PEA and the S enantiomer is 
more selective for (S)-PEA
Enantioselective optical sensors for protonated 1-phenylethylamine, propranolol and 
norephedrine have also been developed by Wolfbeis [92] based on the use o f lipophilic 
(R,R)-tartrates as earners and a longwave-fluorescent lipophilic dye which is used as a 
proton earner The sensing scheme (which is similar to that discussed above) is based 
on the selective extraction o f the organo-ammomum ions into a PVC membrane and on 
the concomitant release o f a proton from the protonated dye, contained in the PVC 
membrane, into the sample solution Upon deprotonation, the dye undergoes a colour 
change which is optically detected The differences in the free energy o f the two 
enantiomenc complexes (AAG) and the selectivity coefficient (K01*) are calculated as 
follows
Q = kR/ks (Q = enantiomer distnbution constant) 
kR= [R N H 37ligand](org),R/ [RNH3+](aq),R 
ks = [RNH37ligand](org), s/ [RNH3+](aq)> s 
AAG = -RT In Q
K°pt =  [RNH3+](aq), r /  [RNH3+](aq), s =  1/Q
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Figure 1.23: R and S enantiomers o f  the highly lipophilic crown ether which was 
incorporated into the membranes with the chromoionophore ETH 5294 [91]
1 (xxxvi) l(xxxvii)
Figure 1.24: Absorblion spectra o f  Aw 3 pm thick optode membranes a  and b, after 
equihbi ation with pH  buffered solutions containing different concent! ations' o f  (R)- 
and(S)-PM  f91]
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AAG values for the PVC membrane incorporating di-fert-butyl tartrate as carrier were 
calculated to be equal to 0 2, 0 2 and 0 3 kcal/mol for phenylethylamine, propranolol 
and norephednne respectively Kopt values were quoted to be 0 8, 0 7 and 0 6 for 
phenylethylamine, propranolol and norephednne respectively The Kopt values for the 
other tartrate esters were 0 9 or 1 proving that they were not as enantiomencally 
selective as the di-ferf-butyl tartrate ester
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1 . 4  C h i r a l  c a l i x a r e n e s
Of particular interest in the chemistry o f cyclodextnns is their ability to sustain 
asymmetric inclusion and catalysis owing to the presence o f the chiral cavity made up 
of D-glucose units As calixarenes are capable o f forming host-guest type complexes it 
seemed an attractive and creative possibility to introduce some asymmetric factors into 
the molecule and assess the new materials as optically responsive chiral receptors
There are two main ways in which calixarenes can be rendered chiral The first 
involves attaching chiral substituents either to the upper or lower rim of the cahxarene 
macrocycle The second method is based on the synthesis o f inherently chiral 
calixarenes where the chirality arises from the absence o f a plane of symmetry in the 
molecule
1.4 1 Derivatives with chiral substituents
Just like any other molecules calixarenes can be converted into chiral derivatives by the 
introduction o f optically-active groups In the case o f calixarenes denved from 
phenols, this can be done either at the phenolic OH group or at the p-positions 
Examples for this have been described mainly by Shinkai et a l [93, 94] and include 
compounds such as those shown m Figure 1 25
Shinkai found that in chiral water-soluble calixarenes (e g  (1 xxxviii)) the circular 
dichroism (CD) spectra change sensitively on guest binding [95] The CD technique is 
one o f the most useful tools to evaluate asymmetric interactions between host and 
guest molecules in solution The spectral change was easily explained by the 
conformational change in the host cahxarene induced by inclusion of guest molecules
With this approach, the use o f enantiomencally pure reagents leads directly to pure 
enantiomeric products Larger quantities thus become available m a quite
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Figure 1.25: Calixarene derivatives with chiral substituents [93,94]
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straightforward way, which is advantageous m comparison to the inherently chiral 
calixarenes where the yields tend to be smaller
1 4.2 Inherently chiral calixarenes
The chirality o f the calixarenes shown in Figure 1 25 is due solely to the chirality o f the 
substituent groups However, due to their non-planar shape, calixarenes offer 
numerous additional possibilities for producing chiral host molecules, which are not 
based on a chiral sub-unit but on the absence o f a plane of symmetry or an inversion 
centre in the molecule as a whole In other words, opening up o f the macrocyclic 
structure would lead to an achiral linear molecule Examples o f such inherently chiral 
calixarenes have so far been members o f the calix[4]arene family
The first attempts involved the synthesis o f calix[4]arenes with three (in the sequence 
AABC) [96] or four [97] different /^-substituted phenolic units by Bohmer et a l 
Molecules o f this type (Figure 1 26) can be obtained by fragment condensation of  
suitable tnmers with bisbromomethylated phenols or suitable dimers with 
bisbromomethylated dimers
Asymmetric calix[4]arenes also result from the incorporation of a single meta- 
substituted phenolic unit, an idea first realised by Vicens and coworkers [98] It is 
quite interesting that the introduction of only one methyl group makes the 
calix[4]arene chiral (Figure 1 27)
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R1 R2 R3 R4
l(xl) CeHs /-but c o 2c 2h 5 c h 3
1 . (xli) C 6H 5 /-but c h 3 c o 2c 2h 5
R2 1 (slii) c h 3 /-but c o 2c 2h 5 c 6h 5
1 (xliii) c h 3 /-but CsHu o 00
1 (xliv) c h 3 c h 3 c 8h 17 CsHn
1 (xlv) c h 3 c h 3 n 00 -o Cl
Figure 1.26: Asymmetric Calix[4]arenes with different phenolic units [96, 97]
1 (xlvi)
Figure 1.27: Asymmetric calix[4]arene with a methyl group in the meta-position 
[98]
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Temperature-dependant !H NMR expenments have shown that a rapid interconversion 
of the various conformers o f calixarenes occurs at room temperature [99] For chiral 
calixarenes this means racemisation, since one cone conformation is the mirror image 
of the other cone conformation (Figure 1 28) Therefore a separation into enantiomers 
is impossible, unless the conformation is “fixed” This is possible by the introduction 
of bulky substituents at the phenolic hydroxyl groups, which cannot penetrate through 
the annulus Indeed the cone conformation is fixed in most o f the known derivatives 
which are obtained by reaction o f the phenolic hydroxyl group, e g , ethers or esters 
[100, 101] Therefore it should be possible to obtain enantiomeric host molecules 
having an “enforced cavity” from calix[4]arenes with differently substituted phenolic 
units But because o f the asymmetry of such calixarenes, it is necessary to achieve 
complete conversion o f all the OH groups in the cone conformation, and this can cause 
problems, leading to a mixture o f conformational isomers which are difficult to 
separate [102] However the tetrapropyl ether o f a calix[4]arene containing one 3- 
methyl-4-isopropylphenol unit (Figure 129) has been prepared m the cone 
conformation and separated into its enantiomers by HPLC using chiral stationary 
phases [103, 104] This is the first example o f a successful optical resolution o f an 
asymmetrically substituted calix[4]arene
The same asymmetric pattern can in principle be achieved by O-alkylation (or O- 
acylation) when different residues are added to the phenolic oxygen atoms This 
strategy has the additional advantage that (with residues larger than ethyl) the 
conformation is simultaneously fixed and racemisation becomes impossible
For an all-syn arrangement o f the O-alkyl groups, at least two different residues are 
necessary (Figure 1 30,1 li), but additional possibilities exist if the O-alkyl groups are 
m an anti position Thus, compounds 1 (lii) and 1 (liii) with one kind o f O-alkyl 
groups are asymmetric or disymmetnc respectively Examples o f these types have 
been prepared mainly by Shinkai [105] and Pappalardo [106], and some have been 
resolved by chromatographic techniques [107, 108, 109,]
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1 (xlvii) 1 (xlviii)
Figure 1.28: One cone conformation is the mirror image o f  the other [99]
BuL Bu
BuL
1 (¡1)
Bu
PrJ
1(1)
Figure 1.29: Racemates possible fo r  cone-conformation o f tetrapropyl ether o f a 
cahx[4]arene [103, 104]
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Figure 1.30: Possible arrangements obtained from O-alkylation o f  the calix[4]arenes 
[105, 106]
1 (liv)
Figure 1.31: Alkylation o f the phenolic hydroxy groups in the 1,3-position [111]
l( lv )
Figure 1.32: Disymmetric cahx[4]arene with C4 symmetry [112]
Using different O-alkyl residues, 34 types o f tetraalkylethers, 13 types o f tnalkylethers 
and 8 types o f alkylethers are possible, among which 17, 9 and 3 are chiral [110]
Alkylation o f the phenolic hydroxy groups in the 1,3-position in calix[4]arenes 
consisting of two different phenolic units arranged in the order AABB leads to a new 
type o f chiral calix[4]arene [111] which is in the cone conformation (Figure 131)
Disymmetnc calixarenes having an »-fold symmetry axis have also been synthesised 
Several calix[4]arenes with C4 symmetry (Figure 1 32) have been obtained from 3,4- 
disubstituted phenols with yields o f up to 30% [112] Because o f the equivalence of 
their phenol units all the O-alkylation products (from mono- to tetraethers) are 
available in a defined manner 1,3-diether derivatives in particular (which have C2 
symmetry) have been prepared in good yields and separated into their enantiomers 
[113]
This demonstrates the huge potential which is available in the calixarene family for 
obtaining chiral host molecules or chiral building blocks for the construction o f even 
larger molecular systems
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2. Determination of the 
Enantiomeric Composition Based on 
the Quenching of a Chiral 
Calixarene
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2 . 1  I n t r o d u c t i o n
Determination o f enantiomeric purity has become important in recent years due to 
increasing restrictions on the composition o f pharmaceuticals whose efficacy is 
dependant upon a chiral moiety [1,2] The behaviour of the enantiomers o f a chiral 
drug may show striking differences in terms of biological activity, potency, toxicity, 
transport mechanisms and routes o f metabolism [3] Therefore analysts m the 
pharmaceutical industry now face the challenge o f assessing the stereoisomenc 
composition o f potential drugs during both the discovery and development stages 
The characterisation o f the drug for enantiomeric purity is required after synthesis 
and also dunng m vivo and in vitro studies for determining the fate o f a chiral 
molecule and its metabolites There are several methods commonly employed in the 
pharmaceutical industry for the determination of enantiomeric purity including 
circular dichroism [4] and specific rotation [5], separation techniques such as liquid 
and gas chromatography [6,7] and more recently, capillary electrophoresis [8]
None o f these techniques are amenable to real-time analysis and while the separation 
methods can offer good analytical performance in terms o f precision and accuracy, 
they are expensive techniques in terms o f reagent consumption and cost o f  
instrumentation, and in addition generate significant waste In contrast, sensor-based 
analysis provides real-time analysis, low cost o f  instrumentation, amenability to 
automation, no expensive reagents and virtually no waste
Our aim is to develop a sensor which can distinguish between enantiomers o f the 
same molecule This is a difficult task, as enantiomers usually exhibit very similar 
chemical properties, and m contrast to chromatography, sensor-based analysis 
involves determination o f the target species in the sample matrix without separation 
The power o f chromatography arises from the dynamic interaction of analytes 
between the mobile phase and stationary phase, which, over the length of a typical 
column, can greatly magnify any small differences in relative affinity for the two 
phases which may exist between enantiomers o f the same compound In contrast, 
however, a sensor can only rely on a smgle partitioning or exchange event to
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generate the selectivity required Hence development o f successful materials for 
sensors is extremely challenging as the host-guest properties o f receptors are difficult 
to predict accurately from a theoretical point o f view, as the overall observed 
selectivity is the sum of many subtle mteractions which may, or may not be 
interdependent
However, broad predictions can be made about the type of features which should be 
present if a ligand is to have any chance o f performing the required task These can 
be summarised as follows,
1 The substance must contain features which allow it to interact reversibly with the 
target species For example, polar groups, acidi^asic groups or groups capable 
o f hydrogen bonding
2 These groups must be pre-orgamsed in such a manner that they provide the basis 
for the required selectivity
3 The interaction between the host and the guest must also provide a signal which 
enables it to be observed and quantified from the outside world [9] A variety of 
signalling options are available including electrochemical (e g  potentiometry, 
amperometry) and spectroscopic (e g  fluorescence, absorbance) For our 
purposes, fluorescence is the most attractive because o f its sensitivity and variety 
of signalling modes (e g quenching, enhancement or half-life selectivity) which 
can be employed
4 The groups conferring recognition and signal transduction must be arranged in an 
interactive conformation so that binding with the target species will result in a 
signal
With these guidelines m mind, our strategy was to investigate whether we could use a 
calixarene macrocycle as a template for producing materials which in principle satisfy 
the above catena In choosing which fluorescent labels and chiral moieties to attach 
to the calixarene template, and which chiral guests to investigate, previous workers m 
the area have provided useful guidance
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2.1 1 Fluorescence as a signal transduction mechanism
Optical based sensing is attractive for many reasons and offers several advantages 
over electrochemical sensors These optical sensors can measure concentrations 
without perturbing the sample and can be used for continuous sensing Because the 
signal is optical these sensors are not subject to electrical interference and do not 
require a “reference” like electrochemical sensors The referencing is earned out 
optically by using wavelength ratioing, in which part o f the conducted light not 
affected by the measurement vanable can be used to correct for other optical 
vanations The coupling o f optical sensing techniques with optical fibres has 
promoted rapid progress and great interest in this sensing technology
There are many reasons why fluorescence might be identified as the optimal signal 
transduction mechanism for sensing applications Fluorescence is a very sensitive 
technique, in large part because the observing wavelength is always longer than that 
o f the exciting wavelength Thus, a signal may be measured versus zero or near-zero 
background Fluorescence signalling also permits the momtonng of excitation and 
emission wavelengths The emission signal may be observed in the form o f intensity, 
intensity ratio, or lifetime measurements Fluorescence is usually non-destructive and 
is an ideal signal transduction mechanism for fibre optic remote sensing applications
Substances which display significant fluorescence generally possess delocahsed 
electrons formally present in conjugated double bonds Some typical fluorescent 
substances (fluorophores) are shown m Figure 2 1 A number o f fluorescent sensors 
for metal ions have been developed by several groups dunng the last decade [10] 
Many o f these sensing supramolecules contain anthracene (2 (i)) as a fluorescent 
subunit for its strong and well charactensed emission and its chemical stability
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2 (0
Anthracene Naphthalene
2(H)
(C2H5)2N °  ^ ^ ^ N<C2H5)2
, c o 2h
2 (iii)
Rhodamine B
2(iv)
Fluorescein
ch3 x ch3
N
2 (v)
Dansyl chloride
2 (vi)
1 -amlino-8-naphthalene- 
sulfomc acid
Figure 2.1: Structures of typical fluorescent substances
2 12 Quenching of fluorescence
Fluorescence quenching refers to any process which decreases the fluorescence 
intensity o f a given substance A vanety o f processes can result m quenching These 
include excited state reactions, energy transfer, complex formation and collisional 
quenching
Collisional or dynamic quenching results from collisional encounters between the 
fluorophore and quencher The collisional quenching process involves the formation 
o f a non-fluorescent complex between the excited state fluorophore and quencher 
This complex, sometimes known as an exciplex, absorbs the energy from the excited 
state and results m the non-radiative decay of the fluorophore This is a time 
dependant process Static quenching results from the formation of a non-fluorescent 
ground state complex between the fluorophore and quencher When this complex 
absorbs light it immediately returns to the ground state without the emission o f a 
photon Lifetimes or temperature dependence measurements o f the quenching 
process can be used to distinguish between static and collisional quenching 
contributions
A wide vanety o f substances act as quenchers o f fluorescence One of the best 
known collisional quenchers is oxygen [11] The mechanism by which oxygen 
quenches fluorescence has been the subject o f considerable research and it is clear 
that contact between the oxygen molecule and the fluorophore is a requirement of 
quenching [12] Aromatic and aliphatic amines are efficient quenchers o f most 
unsubstituted aromatic hydrocarbons [13] For example, anthracene fluorescence is 
effectively quenched by diethylamline In this mstance the mechanism of quenching is 
the formation o f a charge transfer complex when the excited state fluorophore 
accepts an electron from the amine
The efficiency o f the quenching o f a fluorescent species by a quenching species 
follows the Stem-Volmer relationship, if the fluorophore and quencher 
concentrations are in the appropnate range
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where Io is the fluorescence in the absence o f the quencher, I is the fluorescence in 
the presence o f quencher at a concentration [Q], and Ksv is the Stem-Volmer 
constant which is a measure o f quenching efficiency This relationship holds for both 
excited state and ground state quenching processes
If a system obeys the Stem-Volmer equation, a plot o f Io/I versus [Q] will give a 
straight line with a slope o f Kw and an y-axis intercept o f 1 Kw is therefore a 
measure o f quenching efficiency and a large value for this parameter equates to a 
sensitive response
Io/I = 1 + KsvtQ] E q. 2.1
2.13 Chiral discrimination in fluorescent quenching
Early work by Ine and coworkers [14] demonstrated that specific geometry is 
required for the fluorescence quenching o f l,r-binaphthyl by N,N,-dimethyl-a- 
phenylethylamme (Figure 2 2) Both 2 (vii) and 2 (viii) are chiral molecules The 
use o f chiral compounds as excited molecules and quenchers enables one to examine 
pure stenc effect upon the quenching rate without being disturbed by the electronic 
factor, since enantiomers have inherently the same electronic nature i e , oxidation- 
reduction potential or bulkmess Photoexcited l , l ’-bmaphthyl gives a fluorescence 
around 360 nm The fluorescence o f which can be quenched by adding N,N,- 
dimethyl-a-phenylethylamme No difference was found in the Stem-Volmer plots for 
the fluorescent quenching o f a racemic mixture o f l , l ’-binaphthyl by enantiomers, S(- 
)- and R(+)- N,N,-dimethyl-a-phenylethylamines On the other hand, a significant 
difference m quenching was observed for the quenching o f R (-)-,l’-binaphthyl by the 
enantiomers The ratio o f the quenching rates, kq(R-S)/ kq(R-R), was determined to 
be 1 90 The difference m the rate clearly indicates that quenching occurs in the 
contact pair o f an excited molecule and a quencher, and specific orientation is 
required in the quenching process Solvent polarity is also believed to alter the 
quenching mechanism [15] In nonpolar solvents, exciplex formation is dominant m
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the quenching process, in polar solvents, quenching by electron transfer in an 
encounter o f loose structure dominates This mechanism was examined by measuring 
the quenching rate o f the two enantiomers as a function o f the polarity o f the solvent 
The ratio, kq(R-S)/ kq(R-R), was found to decrease with increasmg solvent polarity 
The Stem-Volmer constant also depends on polarity and increases with increasmg 
solvent polarity
Ine and coworkers extended their study to other quenchers having bulky substituents 
and compared the effect o f substituents on the quenching rate and the ratio o f the 
quenching rates o f the two enantiomers kq(R-S)/kq(R-R) [16] Significant differences 
in the quenching rate were observed for the quenching o f (R )-(-)-l,l’-binaphthyl 
fluorescence by (S)-(-)- and (R)-(+)- N,N,-dimethyl-1-phenylethylamines, N,N,- 
dimethyl-a-phenyl-2-methylpropylamines and N,N,-dimethyl-a-phenyl-2,2- 
dimethylpropylamines, while no difference was discerned for the fluorescent 
quenching o f the racemic mixture o f l , l ’-bmaphthyl The ratios o f the quenching 
rates, kq(R-S)/ kq(R-R), increased as the bulkiness o f the amine increased and were 
found to be 1 9, 2 7 and 4 0, respectively This difference in the quenching rate 
indicates that specific orientation is required in the quenching process between 1,1’- 
binaphthyl and the amines
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Figure 2.2: Structure o f  the I J ’-binaphthyl molecule, 2 (vii) andN,N-dimethyl-a- 
phenylethylamine, 2 (viii) [14]
2 (vii) 2 (viii)
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More recently, James et a l [17] showed that chiral recognition of saccharides could 
be achieved and signalled by fluorescence to the outside world They used a chiral 
tertiary amine to provide the potential for chiral discrimination and a binaphthyl 
group to transduce the host-guest interaction into a fluorescent signal (Figure 2 3) 
In addition, they suspected that twisting o f the binaphthyl moiety might provide 
additional chirality Efficient photoelectron transfer from the amine to the binaphthyl 
occurred in the absence of the guest, and facilitated an efficient quenching mechanism 
for the fluorescence, provided the nitrogen atom was suitably oriented Boronic acid 
groups were sited near the chiral amine group and on binding with the saccharide 
target groups, a strong lewis acid mteraction occurred between the boronic acid 
group and the amine, which drastically affected the latters ability to quench the 
binaphthyl fluorescence Both stenc and electronic chiral recognition is clearly 
demonstrated by 2 (ix) With the (R) form o f this compound, the 1 1 complex 
stabilities o f D-fructose, D-glucose and D-Mannose are greater than those o f L- 
fructose, L-glucose and L-Mannose With the (S) form o f the compound the 1 1 
complex stabilities o f L-fructose and L-glucose are greater than those o f D-fructose 
and D-glucose This differences were attributed to stenc effects With the (R) form 
o f this compound the PET (photoinduced-electron-transfer) quenching efficiency on 
sacchande binding is effected most strongly by D-fructose and D-glucose, the least 
by L-fructose and L-glucose With the (S) form o f this compound, the PET 
quenching efficiency on sacchande binding is affected most strongly by L-fructose 
and L-glucose and least by D-fructose and D-glucose This demonstrates the 
electronic effects o f complexation This work elegantly demonstrated that chiral 
discnmination and signal transduction could be achieved by the placement o f groups 
with the required functionalities in a suitable conformation
Parker et a l [18] recently used the fluorescent emission from the formation o f a 
diastereoisomenc complex between a chiral fluorescent acid (2,2’-dihydroxy-l,l’- 
bmaphthalene, see Figure 2 4) in its excited state and a non-fluorescent chiral base (1- 
phenylethylamme) A linear relationship between the intensity o f this emission and 
the enantiomenc composition o f the non-fluorescent base was shown and this was 
used to determine the enantiomenc composition o f two unknown samples o f the
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base The limit o f quantification o f one enantiomer in the presence o f another was 
found to be 5%
The same group also developed a method using the same molecule (Figure 2 4) for 
the determination o f the enantiomeric composition o f phenylethylamine [19] A 
linear relationship between the efficiency o f the energy transfer measured in terms o f  
quenching o f the molecule with the enantiomeric composition has been shown A 
limit o f detection o f one enantiomer in the presence o f another has been calculated to 
be 10 %
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2 (ix)
Figure 2.3: Chiral diboromc acid [17]
2 (x)
Figure 2.4: 2,2 ’-Dihydroxy-1,1 ’binapthalene [18,19]
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Bearing this in mind, we synthesised three receptors with substituent groups which 
were both chiral and fluorescent attached to the lower nm o f a calixarene 
macrocycle Compound 2 (xi) is based on the attachment o f the chiral fluorescent 
moiety, S-di-2-naphthylprolmol, to the four positions at the lower nm of the 
cahx[4]arene molecule whereas compounds 2 (xii) and 2 (xiii) involve the attachment 
o f (R/S)-l-(9-anthryl)-2,2,2-tnfluoroethanol to three o f the lower nm positions in the 
tetramer, and four of the lower nm positions in a hexamer, respectively
7 0
* = chiral centre
Figure 2.5: Structures o f  synthesised chiral fluorescent cahxarenes
2 . 2  E x p e r i m e n t a l
2 2 1 Apparatus and Reagents
All experiments were performed using a Perkin Elmer Luminescence Spectrometer 
LS 50B interfaced with an Elonex PC-466 which employs fluorescence data manager 
software Post-run data processing was performed using Microsoft Excel v 5 0 after 
importing the spectra as ascii files
The R- and S- forms of 1-phenylethylamme (PEA) were o f punss grade obtained 
from Sigma and all solvents were of HPLC grade obtained from Labscan Ltd The S- 
Di-2-naphthylprolinol was obtained from Oxford Asymmetry and the enantiomers o f  
l-(9-anthryl)-2,2,2-tnfluoroethanol were obtained from Fluka
2 2 2 Synthesis of the calixarenes
(i) Compound 2 (xi) was synthesised as follows 2 48g (2 5 mmol) o f the tetraethyl 
ester was prepared as described previously [20] and hydrolysed to its carboxylic acid 
potassium salt by refluxmg with 2 5 g KOH in 50 mL of ethanol followed by filtration 
and acidification with 37% aqueous HC1 to give 2 lg  (95%) o f product This was 
subsequently converted to the acid chloride by a 2 hour reflux in 10 mL o f thionyl 
chloride followed by removal o f volatiles (the last traces under reduced pressure) to 
give a quantitative yield To 0 238g (0 25 mmol) o f the acid chloride in 5 mL of dry 
THF was added 0 353g (1 mmol) o f S-di-2-naphthylprolmol and 0 079g (1 mmol) o f 
dry pyridine with stirring at room temperature for 24 hours 0 528 g (95%) o f a pale 
brown product was isolated which was purified by chromatography on basic alumina 
using chloroform to give 211 mg (40%) yield o f the compound as a buff coloured 
solid mp 198-200°C, IR (KBr) y(C=0) 1634 cm'1, lU NMR (400 MHz, CDC13), 5
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1 24 [s, 36H, C(C//3)3] , 8  2 0-2 40 [m, 16H CH2CH2], 8  2 90 [m, 4H, NCH2], 8  
3 25 [m, 4H, NC//2], 8  3 50 [d, 2H, NC//], 8  4 06 [d, 4H, HBArCH2Ar], 8  4 40 [d, 
2H, NC//], 8  4 70 [m, 4H, NCHCO//], 8  5 16 [d, 4H, / / AArCH2Ar], 8  5 30 [m, 8 H, 
OCH2], 8  6  76-8 1 1  [m, 64H, ArH], 8  7 27 [s, CHC13] Anal Calcd for 
(C38H3 7 0 3N )4 CHCI3 C, 78 45, H, 6  41, N, 2 39 Found C, 78 04, H, 6  59, N, 2 40
[a]”  -304 +_ 2° ( c -  25 mg in 2 mL Chloroform)
(ii) Compound 2 (xii) was synthesised as follows To 0 23 8 g (2 5 mmol) o f the acid 
chloride in 5 mL o f dry THF was added 0 276 g (1 mmol) R(-)-l-(9-anthryl)-2,2,2- 
tnfluoroethanol (Fluka) and 0 079 g (1 mmol) dry pyridine This was allowed to stir 
at room temp for 48 hours afterwhich the volatiles were removed and the residue 
taken up into dichloromethane which was washed with 1 % aqueous HC1 0 4 g (97% 
yield) o f a pale yellow solid 2 (xii) was obtained The product appeared 
exceptionally sensitive to base catalysed cleavage mp 59-61°C, IR (KBr) y(C=0) 
1740 cm'1, y(C02H) 3298 cm'1, lH NMR (400 MHz, CDCI3), 8  0 90 [s, 12 H, 
C(C//3)3] , 8  1 25 [s, 12H, C(C//3)3], 8  1 29 [s, 12H, C(C//3)3], 8  1 83 [m, 3H, 
C//CF3], 8  3 24 [d, 4H, / / BArCH2Ar], 8  3 72 [m, 8 H, OCH2], 8  4 3-4 7 [br, 1H, 
COO//], 8  4 52 [d, 4H, / / AArCH2Ar], 8  6  65-9 00 [m, 35H, ArH], 8  5 29 [s, 
CH2C12] Anal Calcd for (CiooH9iF9Oi2) CH2C12 C, 69 69, H, 5 39 Found C, 
69 33, H, 5 73
The reaction scheme for the synthesis o f ligand 2 (xi) and 2 (xii) is summarised in 
Figure 2 6
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Tetraethylester Calix[4]arene
Q , o I
S-Dmaphthyl prolmol 
Calix[4] arene 2 (xi)
Tetraacid Calix[4]arene 
DCM SOCI2
(S)Dinaphthylprolinol
C6H5N THF
o c h 2c o c i
Tetra acid chlonde 
Calix[4] arene
(R)-9-anthryl-
2,2,2-trifluroethanol
THF
c 6h 5n
R-l-(9-anthryl)-2,2,2-tnfluoro-Calix[4]arene 2 (xii) 
Figure 2.6: Reaction scheme fo r  the synthesis o f  the cahx[4]arenes
(iii) The synthesis o f 2 (xiii) was as follows 2 48 g (16 7 mmol) o f the hexaethyl 
ester calixarene was prepared as described previously [20] and hydrolysed to its 
potassium carboxylate by refluxing with 2 5 g KOH in 50 mL o f ethanol followed by 
filtration and acidification with 37% aqueous HC1 to give 2 0 g (91% yield) This 
was then converted to the acid chloride by refluxing for 2 hours in 10 mL o f thionyl 
chloride To 0 238g (0 16 mmol) o f the acid chloride m 5 mL o f dry THF was added 
0 276 g (1 mmol) S(+)-l-(9-anthryl)-2,2,2,-tnfluoroethanol (Fluka) and 0 079 g 
(lmmol) dry pyridine The entire was allowed to stir at room temperature for 48 
hours afterwhich all volatiles were removed and the residue taken up in 
dichloromethane which was washed with 1% aqueous HC1 After removal o f the 
solvent, 0 38 g (92% yield) o f the compound 2 (xiii) was obtained as a pale yellow 
solid Like the tetramer the compound is sensitive to base catalysed cleavage mp 
77-79°C, IR (KBr) y(C=0) 1738 cm 1, y(C02H) 3396 cm 1, !H NMR (400 MHz, 
CDC13), 6 1 24 [s, 54H, C(Ctf3)3] ,6 1 80 [m, 4H, C/7CF3], 5 3 30 [d, 6H, 
/ / BArCH2Ar], 8 3 70 [m, 12H, OCH2], 8 4 2-4 5 [br, 2H,COOH], 8 4 39 [d, 6H, 
/ / AArCH2Ar], 8 6 53-9 00 [m, 48H, ArH\, 8 5 28 [s, CH2C12] Anal Calcd for 
(C142Hi32F120ig) 2CH2C12 C, 68 51, H, 5 43 Found C, 68 43, H, 5 68
2 2 3 Procedure for fluorescence measurements
Solutions giving concentrations o f the dinaphthyl cahx[4]arene 2 (xi) o f 1 (imol dm'3 
and 1-phenylethylamine in the range o f 1-12 5 mmol dm'3 in chloroform were 
prepared as follows A 50 jxmol dm'3 stock solution o f the calixarene was prepared 
by dissolving 11 7 mg in 100 mL o f chloroform A 25 mmol dm'3 solution o f the 1- 
phenylethylamine was prepared by dissolving the required combination of the two 
enantiomers, totalling 1 515 g in 50 mL o f chloroform A 10 mL volume o f this 
solution was diluted to 100 mL with chloroform to a working stock solution Test 
solutions were prepared by placmg a 1 mL aliquot o f the calixarene stock solution in 
a 50 mL volumetric flask, adding 5, 10, 15, 20 or 25 mL o f 1-phenylethylamine stock 
solution and making up to volume with chloroform For the preparation of solutions
75
containing calixarenes 2 (xii) and 2 (xiii) the same general procedure was followed 
The concentration of calixarene in both cases was 0 2 pmol dm'3
The fluorescence intensity o f solutions containing 2 (xi) were measured at an 
excitation wavelength o f 274 nm The fluorescent intensity readings were compared 
to a solution containing 1 jxmol dm'3 calixarene o f 2 (xi) and no 1-phenylethylamine 
An excitation wavelength o f 258 nm was used for the fluorescent measurements o f 2
(xii) and 2 (xiii)
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2 . 3  R e s u l t s  a n d  D i s c u s s i o n
2 3 1 Excitation and emission spectra
The excitation and emission spectra o f the S-dinaphthyl calix[4]arene (2 (xi)) in the 
presence and absence o f 0 33 mol dm'3 1-phenylethylamine are shown in Figure 2 7 
The maximum of the excitation spectrum is at 274 nm (Figure 2 7a) and the emission 
spectrum obtained using an excitation wavelength o f 274 nm is 337 nm (Figure 2 7b) 
The presence o f the 1-phenylethylamine alters these spectra considerably, and the 
maximum is shifted in the excitation spectrum (274 nm in the absence o f the 1- 
phenylethylamine and 280 nm in the presence o f 1-phenylethylamine, (see Figure 
2 7a)
The broad nature of the excitation spectrum of 2 (xi) arises from the S- 
dinaphthylprolinol label, as a very similar excitation spectrum is obtained with the 
free ligand (Figure 2 8) In the presence of PEA the same quenching effect is seen as 
with the calixarene There are two fluorophores in the dinaphthylprolinol label 
arising from the naphthyl groups, which are in different environments due to the 
effect o f the bridging prolinol group and hence the excitation spectrum is 
considerably broadened compared to that o f naphthalene for example (Figure 2 9) 
This is so for the free label and the labelled calixarene 2 (xi) Molecular modelling 
suggests that hydrogen bonding between the prolmol OH and the PEA amine groups 
allows one o f the naphthyl and the PEA aryl groups to stack, leaving the other 
naphthyl group unaffected (the one absorbing at longer wavelengths) as shown in 
Figure 2 10 This would explain the partial quenching o f the excitation spectrum
Alternatively, the effect could arise from PEA which absorbs in the range 240-270 
nm The apparent quenching could therefore be due to absorbance by the PEA of 
incident radiation from the source and o f photons emitted by the calixarene over this 
range, leading to less observed fluorescence Above this range, the PEA no longer 
competes for available energy and the excitation spectrum is much less affected
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Figure 2.7 Excitation and emission spectra o f the dinaphthyl calix[4]arene (2 (xi)) 
at a concentration o f  2 /m o l dm 3 in the presence and absence o f racemic 1- 
phenylethylamine (a) Excitation spectra o f the cahxarene with and without 0 33 M  
1-phenylethylamine using an emission wavelength o f  340 nm (b) Emission spectra 
o f the cahxarene and also with 0 33 M  1-phenylethylamine using an excitation 
wavelength o f 274 nm
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Figure 2.8: Excitation spectra o f the S-dinaphthyl prohnol label alone (1 juM dm 3)  
and in the presence o f 1 mM and 20 mM 1-PEA using an emission wavelength o f  
340 nm
Figure 2.9: Excitation spectrum o f naphthalene at an emission wavelength o f 340 
nm and at a  concentration o f 1 ¿mol dm 3
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Figure 2.10: Molecular model demonstrating the interaction between the dinaphthyl 
prolinol and the PEA suggesting that hydrogen bonding between the prolinol OH and 
the PEA amine groups allows one o f  the naphthyl and the PEA aryl groups to stack. 
This may explain the partial quenching seen in the excitation spectrum (Figure 2 .7a). 
This 3-d model was obtained using Hyperchem v. 4.0.
Light blue = C-C bonds 
Red = Oxygen atoms 
Dark blue = Nitrogen atoms 
Hydrogens not shown fo r  clarity.
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Examination o f the excitation spectra from the anthryl-labelled compounds 2 (xii) 
and 2 (xiii) tends to support the case for the PEA absorbance mechanism (Figure 
2 11) In these compounds, the main emission band (240-270 nm) coincides with the 
absorbance of PEA Once again, a quenching effect is observed m the excitation 
spectrum in this region but not at the less intense anthracene fingerprint region (320- 
400 nm) These compounds have a maximum emission intensity at an excitation 
wavelength o f 258 nm and an emission wavelength o f 416 nm
The background fluorescence o f the calixarene ring using tetraesters for comparison 
was checked, and the fluorescence is insignificant (Figure 2 12) Therefore we do 
not believe that the calixarene fluorescence quenching is an important factor - it is 
more to do with the inherently broad excitation spectrum o f the dinaphthylprohnol 
group as outlined above
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Figure 2.11: Excitation spectra (a) o f  the tetraanthryl cahx[4]arene 2 (xii) (0 2 
pmol dm 3)  and the hexaanthryl calix[6]arene (b) 2 (xiii) (0 2 jumol dm 3)  in the 
presence and absence o f 2 5 mmol dm 3 1-PEA at an emission wavelength o f  416 
nm
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Figure 2.12: Fluorescence emission spectra o f the dinaphthylprolmol cahx[4]arene 
(1 fjmol dm 3)  and the tetraester cahx[4]arene (1 /m o l dm 3), demonstrating how the 
fluorescence o f the later is insignificant
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2.3.2 Linear response range
The linear response range of fluorescence intensity to concentration o f 2 (xi) is 
shown in Figure 2 13(a) and was found to be 0-1 2 pmol dm'3 (r = 0 9997, n = 6) at 
an excitation wavelength o f 274 nm It is important to use a concentration of the 
calixarene within the linear range m order to ensure that no self-quenching occurs and 
therefore no alternative self-quenching mechanisms are present A concentration o f 1 
(imol dm'3 was chosen for subsequent experiments with calixarene 2 (xi) to examine 
the effect o f 1-PEA, and hence any quenching observed can be related to the effect o f 
the target species on the ligand The linear response range o f 2 (xii) (Figure 2 13(b)) 
was 0-0 4 (imol dm'3 (r = 0 9988, n = 5) and 2 (xiii) (Figure 2 13(c)) was 0-0 3 (imol 
dm'3 (r = 0 9992, n = 5) A concentration o f 0 2 nmol dm'3 was chosen for 
subsequent measurements for both these compounds
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Figure 2.13 (a): Fluorescent response o f calixarene 2 (xi).
Figure 2.13 (b): Fluorescent response of calixarene 2 (xii)
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Figure 2.13 (c): Fluorescent response o f cahxarene 2 (xiii)
Figure 2.13: Investigation o f linear range o f the calixarenes Change in the 
fluorescent intensity o f  2 (xi) (a), 2 (xii) (b) and 2 (xiii) (c) with concentration, 
standard deviations shown as error bars
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2.3.3 Linear range of Stem-Volmer plot
The Stem-Volmer plot o f 2 (xi) was found to be linear over the range investigated 
(0-13 5 mmol dm-3 o f racemic phenylethylamine, (Figure 2 14a) The Stern-Volmer 
plot o f 2 (xii) was found to be linear over the measured range of 0-2 5 mmol dm'3 of 
racemic phenylethylamine (Figure 2 14b) and for compound 2 (xiii) (Figure 2 14c) 0- 
2 5 mmol dm'3 o f racemic phenylethylamine
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Figure 2.14 (a): Stern-Volmer plot o f cahxarene 2 (xi)
1 95 -i
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Figure 2.14 (b): Stem-Volmer plot of cahxarene 2 (xii).
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Figure 2.14 (c): Stem-Volmer plot of Cahxarene 2 (xiii).
Figure 2.14: Stern- Volmer plot obtained for the addition o f racemic 1- 
phenylethylamine to 2  (xi) (a), 2  (xii) (b) and 2  (xiii) (c), standard deviations shown 
as error bars
89
2 3 4 Variation of Stem-Volmer plot with enantiomeric 
composition
Figure 2 15 illustrates the difference in the Stem-Volmer plots of the three 
fluorescent calixarenes on addition of PEA of several enantiomeric compositions 
varying from 100% (S) to 100% (R) Values for Ksv for 100% (S) to 100% (R) for 
each ligand is summarised m Table 2-1 From these results we can conclude that 
unlike 2 (xi) which exhibits a much larger difference in Ksv values, 2 (xii) and 2 (xiii) 
do not exhibit any enantiomeric selectivity under the conditions used in this study, 
(100%(S)/l00%(R) ^  ratios are 1 856, 0 962 and 1 040, for 2 (xi), 2 (xii), and 2
(xiii), respectively Figure 2 15d shows the Stem-Volmer plot for the 
dinaphthylprolinol label on its own (i e not attached to Calixarene 2 (xi)) This 
demonstrates that the free label by itself cannot distinguish between the PEA 
enantiomers (slopes are virtually the same), and that the mechanism does not obey 
the Stem-Volmer equation (intercept does not pass through one) The non-lineanty 
m the Stem-Volmer plot is reproducible and must arise from the structural 
differences in the free label and the labelled calixarene, and may involve hydrogen 
bonding between the amine and hydroxyl groups of the label and the PEA More 
importantly from the point of view of our investigations however, these results 
suggest that the chiral recognition exhibited by 2 (xi) is not an inherent characteristic 
of the label itself, but rather that it arises from the 3-d effect of the substituted 
calixarene
The Stem-Volmer constant for compound 2 (xi) was shown to vary linearly with the 
enantiomeric composition of 1-phenylethylamine (r = 0 9980, n = 5) as shown in 
Figure 2 16 which suggests that it may be possible to use this technique for the 
determination of enantiomeric composition
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Figure 2.15 (a): Stem-Volmer plots for calixarene 2 (xi)
o
1-Phenylethylamine concentration (mmol/dm3)
Figure 2.15 (b): Stem-Volmer plots for Calixarene 2 (xii)
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1-Phenylethylamine concentration (mmol/dm )
Figure 2.15(c): Stem-Volmer plots for calixarene 2 (xiii)
1-Phenylethylamine concentration (mmol/dm )
Figure 2.15(d): Stem-Volmer plots for S-dmaphthylprolinol label 
Figure 2.15 Stern-Volmer plots for the quenching o f cahxarenes 2 (xi) (a), 2 (xii) 
(b), 2 (xiii) (c) and S-di-naphthyl prolmol (d) upon addition o f 1-PEA containing 0 - 
1 0 0 % o f the S-form Standard deviations shown as error bars
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Compound Composition Ksv St.Dev.
2 (xi) 0%S,100%R 0 052 (0 9983) 0 0005
2 (xi) 100%S, 0%R 0 028 (0 9962) 0 0007
2 (xii) 0%S,100%R 0 363 (0 9976) 0 0007
2 (xii) 100%S, 0%R 0 377 (0 9984) 0 0006
2 (xiii) 0%S, 100%R 0 3485 (0 9993) 0 0005
2 (xiii) 100%S, 0%R 0 3350 (0 9963) 0 0006
Table 2-1: Stem-Volmer slopes, correlation coefficients and standard deviations 
fo r curves in Figure 2 15 (n=6)
Figure 2.16 The variation o f the Stem-Volmer constant for the quenching o f the 
fluorescence o f calixarene 2  (xi) ( 1  ¡nmol dm'3) with enantiomeric composition o f 1 - 
Phenylethylamine
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However, this chiral discrimination is not exhibited by the (R/S)-l-(9-anthryl)-2,2,2- 
tnfluoroethanol tetramer and hexamer derivatives, 2 (xii) and 2 (xiii), respectively It 
is the general case that calixarene hexamers like 2 (xiii) are more open and flexible 
structures than tetramers [21] The energy minimised structures of the three 
compounds are shown in Figure 2 17 and confirm this All energy-minimised 
structures were generated using Hyperchem v 4 0 usmg MM+ Each calixarene 
subunit was individually energy minimised, and the subunits subsequently linked to 
provide the appropriate macrocycle which was then energy minimised Interatomic 
distances and bond angles obtained with the macrocycles compare favourably with X- 
ray data from similar calixarenes suggesting that these are reasonable structures 
However, as X-ray structures for 2 (xi), 2 (xii), and 2 (xiii) are not available at 
present, the exact conformations are not known
The energy minimised structures suggest that the four (S)-di-naphthylprohnol groups 
in 2 (xi) are much more closely arranged than the three (R)-l-(9-anthryl)-2,2,2- 
tnfluoroethanol groups in 2 (xii) and the four (S)-l-(9-anthryl)-2,2,2-tnfluoroethanol 
groups in 2 (xiii) There is also evidence for this on comparing the interatomic 
distances between similar pairs of atoms on the energy minimised calix[4]arene 
macrocycles (Table 2-2 and Table 2-3) For example, these interatomic distances are 
similar for calixarenes 2 (xi) and 2 (xii) at the upper nm, down to, and including the 
phenolic oxygen atoms at the lower nm (distance between the phenolic oxygen atoms 
of opposing nngs of 2 (xi) are 5 55 and 3 35 A and for 2 (xii), 5 44 and 3 53 A) 
However, there is stnking difference in the distance between the two opposing chiral 
carbon centres for calixarene 2 (xi) (9 064 A for both pairs) and for the single pair in 
2 (xii) (13 558 A) This could be a significant factor influencing the dramatic 
difference in chiral discnmmation exhibited by these tetramers In the case of 2 (xi), 
there is a relatively well-defined 3-d chiral space through which the enantiomers must 
pass m order to facilitate quenching (see discussion below) Clearly, if this is the 
case, then the (R)-PEA enantiomer must be better predisposed to passing through the 
chiral space than the (S)-PEA enantiomer, leading to a more efficient transfer of 
energy from the (S)-di-naphthylprolinol group, and a greater slope for the Stem- 
Volmer plot
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Calixarene 2 (xi)
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Calixarene 2 (xiii)
Figure 2.17: Energy minimised structures o f  calixarene 2 (xi), 2 (xii) and 2 (xiii) 
obtained using molecular mechanics in Hyperchem v 4.0. The chiral region on the 
lower rim is clearly much more defined in 2 (xi) than in 2 (xii) or 2 (xiii).
Light blue = C-C bonds 
Red  = Oxygen atoms 
Dark blue = Nitrogen atoms 
Yellow = Fluorine atoms 
Hydrogens not shown fo r  clarity.
Distances
Carbon 
of t-butyl
Phenoxy
oxygen
Carbonyl
oxygen
Nitrogen Chiral
Carbon
A-C 5 414 3 350 7 014 8 207 9 064
B-D 11 929 5 547 10 024 10 343 9 899
Table 2-2: Distances (in angstroms) between opposing groups on the dinaphthyl 
calix[4]arene (2 (xi))
Distances
Carbon 
of t-butyl
Phenoxy
oxygen
Carbonyl
oxygen
Chiral
Carbon
A-C 5 802 3 535 6  142 13 558
B-D 11 491 5 437 9 021 N/A
Table 2-3: Distances (in angstroms) between opposing groups on the anthryl 
trifluoro-calix[4]arene (2 (xii))
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2 3.5 Determination of enantiomeric composition
From Figure 2 16 it is clear that the enantiomeric composition of mixtures of PEA 
can be determined from the slope of the Stem-Volmer plots However, a faster and 
less tedious method can be employed which involves only a single fluorescence 
measurement of the sample if the total PEA concentration is known We examined 
this possibility by making up PEA samples of varying enantiomeric composition and 
fitting to a calibration plot similar to Figure 2 16 In addition, we repeated the 
procedure for another chiral amine, norephedrine, in order to determine whether this 
recognition was restricted to PEA For these measurements, 12 5 mmol dm'3 total 
PEA concentration was chosen as this gives good discrimination m the Stem-Volmer 
plots and also provides a reasonable fluorescent signal From Figure 2 15a, this is 
12 5 mmol dm'3 Figure 2 18 shows the linear relationship between fluorescence 
intensity and enantiomeric composition at a constant total PEA composition of 12 5 
mmol dm'3 and from this plot, the enantiomeric composition of some unknowns have 
been calculated (Table 2-4) The results were obtained to within ca 4% error of the 
known composition The same method was earned out usmg norephednne as the 
substrate at a fixed total concentration of 12 5 mmol dm'3 (Figure 2 19) and varying 
the ratio of the L- and D- enantiomers Again, good lineanty is evident In Table 2-5 
results obtained for the determination of several unknown mixtures of these 
enantiomers are displayed and in this case, the relative error is less than 3% 
However, we are confident that these results can be further improved by more 
detailed optimisation of the analytical conditions and expenmental design, and by 
improved technique
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Figure 2.18: Calibration plot o f fluorescence Vs enantiomeric composition o f 1- 
phenylethylamme at a concentration o f 1 2  5 mmol dm 3  Standard deviations shown 
as error bars
% S-PEA Mean O St deviation %  Estimated % Error
10 129 1 0 28 10 32 -3 25
40 131 6 0 07 38 38 4 04
60 133 3 0 14 58 58 2 35
90 136 1 0 353 89 45 061
Table 2-4: Determination o f % phenylethylamine in simulated unknown samples
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Figure 2.19: Calibration plot o f fluorescence Vs enantiomeric composition o f 
norephedrine at a concentration o f 12 5 mmol dm 3 Standard deviations shown as 
error bars
%  L-Norep Mean Q St deviation % Estimated % Error
10 153 1 0 30 9 83 1 73
40 156 4 0 26 39 85 0 36
60 158 5 0 12 59 26 122
90 162 17 021 92 33 -2 58
Table 2-5: Determination o f % norephedrine in simulated unknown samples
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We do not, at present, have any definitive explanation for the enantiomeric selectivity 
displayed by 2 (xi) However, the two target molecules (Figure 2 20) are structurally 
similar in that both contain a group capable of hydrogen bonding (primary amine in 
PEA, hydroxyl in norephedrine) as part of a chiral centre attached directly to an aryl 
group This arrangement could facilitate simultaneous n-n mteractions between the 
dinaphthyl groups on 2 (xi) and the PEA aryl group, and hydrogen bonding between 
the prolinol hydroxyl group on 2 (xi) and the PEA amine (see Figure 2 21) 
However, the presence of this arrangement of structural features on its own does not 
explain the enantiomeric selectivity displayed by 2 (xi), as the S-di-2-naphthylprohnol 
(Figure 2 20 (2 xviii)) does not exhibit this behaviour when unattached to the 
calixarene macrocycle (see Figure 2 15(d))
3-d energy minimised structures suggest that in PEA the methyl group is more 
accommodated within the region of the S-di-naphthylprolinol in the case of the (R)- 
enantiomer, whereas with the (S)-enantiomer, it is more exposed This feature, 
coupled with the rather crowded arrangement of the four pendent S-di- 
naphthylprolinol groups, could be the source of the enantiomeric selectivity displayed 
by 2 (xi) It should also be appreciated that the 3-d region around the lower rim of 2 
(xi) is chiral not only because of the asymmetric carbon of the prolinol moiety, but 
also because of the possibility of chiral twisting of the naphthyl groups about the 
bridging carbon Furthermore, the amine group of the PEA could be mvolved m 
hydrogen bonding with the carbonyl oxygen adjacent to the prolinol, as well as the 
hydroxyl group on the dmaphthyl bridging carbon, m contrast to the situation with 
the free S-di-naphthylprolinol (Figure 2 20 (2 xviii)) Moreover, while 2 (xii) and 2 
(xiii) both possess a chiral centre immediately adjacent to an aryl group, the 
structures are much more open as discussed above, minimising any chiral stenc 
effects arising from clustering of the chiral substituents around the calixarene lower 
run which might enhance enantiomeric selectivity
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HO A NH' HO *
y 1 1NH--
2 (xvi) 2 (xvii)
2 (xviii)
Figure 2.20: Structures o f the both encmtiomers o f target molecules and the chiral 
fluorescent groups (2 xiv) and (2 xv) are (R)- and (S)-phenylethylamine
respectively (2 xvi) and (2 xvii) represent (D)- and (L)-norephedrine repectively 
( 2  xviii) is the free S-di-naphthylprolinol group
Closely arranged neighbouring dmaphthylprolinol groups 
may contribute an important additional chirally selective 
hindrance to binding by the PEA enantiomers
Figure 2.21: A possible explanation for the origin o f the enantiomeric selectivity o f 
2 (xi) may he in hydrogen bonding between the PEA amine group and the hydroxyl 
group o f one o f the S-di-2-naphthylprolmol groups o f 2  (xi) which would be 
favoured by parallel alignment o f the aryl groups o f the PEA molecule and the 
dinaphthyl fluorophore Simultaneous hydrogen bonding from the amine to the 
nearby carbonyl oxygen is also possible
103
UV-VTS spectra show that while the addition of PEA to 2 (xii) and 2 (xiii) produces 
a simple additive effect (Figure 2 22 and Figure 2 23 respectively), this is not the case 
with 2 (xi) (Figure 2 24) This supports the view that a different mechanism is 
involved with 2 (xi), and that this probably involves ground state complexation rather 
than an excited state interaction
Norephedrine (Figure 2 20 (2 xvi) and (2 xvii)) also possesses the combination of 
aryl group adjacent to a chiral carbon which is attached to a hydrogen bonding group 
(hydroxyl), and so the same arguments can be applied m its case While this is a 
plausible explanation for the observed enantiomeric quenching selectivity exhibited by 
PEA and norephedrine with 2 (xi), an alternative mechanism could involve 
photoelectron transfer between the amine groups of the target molecules and the 
dinaphthyl moiety [17]
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Figure 2.22: UV-Vis spectra o f  the anthryl substituted tetramer 2 (xii) (0.2 \xmol 
d m 3) in the presence and absence o f  3 mmol d m 3 PEA, demonstrating the additive 
effect.
Figure 2.23: UV-Vis spectra o f  the anthryl-substituted hexamer 2(xiii) (0.2 \imol 
d m 3) in the presence and absence o f  3 mmol dm ' PEA which also demonstrates the 
additive effect.
105
Figure 2.24: UV- Vis spectra o f  the dinaphthyl prolinol tetramer 2 (xi) (1 \xmol d m 3)  
in the absence and presence o f  2.5 mmol d m 3 PEA.
106
2.4 Conclusions
The Stem-Volmer plots obtained demonstrate that the fluorescent tetra-S-di-2- 
naphthylprohnol calix[4]arene 2 (xi) is the most enantiomencally selective The (R)- 
PEA was seen to have greater efficiency as a quencher, proving that the calixarene 
was more sensitive to the presence of (R)- than the (S)-PEA Enantiomeric 
selectivity was also observed for (L) and (D) norephedrine which has a similar 
structural conformation to PEA It is possible to determine the enantiomeric 
composition of samples of (R)- and (S)-PEA and (L)- and (D)-norephednne to within 
a few %, if the total concentration of both enantiomers is known While the 
mechanism underlying the chiral recognition displayed by 2 (xi) is not fully 
understood at present, it would appear to arise from a combination of hydrogen 
bonding recognition sites located within a 3-d chirally restricted space defined by 
tight clustering of the four S-di-2-naphthylprolinol groups around the calixarene 
lower nm
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2.5 Future work
Further research into host-guest properties of the dinaphthyl cahx[4]arene chiral 
receptor 2 (xi) and its analytical applications are continuing The preliminary data 
show that the compound may be used to differentiate enantiomers of a number of 
chiral amines Hence sensor applications would be restricted to those in which 
relatively pure samples are to be evaluated (eg  in pharmaceutical formulations) 
However, it is possible that the receptor may prove to be a useful component in 
capillary electrophoresis or chiral HPLC separations by the attachment of silyl groups 
to the upper nm of the calixarene
With respect to compounds 2 (xii) and 2 (xiii), the situation is more complicated 
The PEA does unfortunately absorb at the main excitation waveband and we have 
looked at the data with and without correction However, as the correction 
represents a constant weighting factor for both enantiomers, it does not affect the 
relative slopes of the Stem-Volmer plots (i e there is no recognition with or without 
correction) It would be important to repeat the study by focusing on the fingerprint 
region of the anthracene labels in order to provide additional information
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3. Determination of Gaseous 
Ammonia using a 
Nitrophenylazophenol 
Calix[4]arene.
I l l
3.1 Introduction
This chapter deals with preliminary research carried out on the development of an 
optical sensor for ammonia in the gaseous state using a chromogemc calixarene An 
introduction is given on chromogemc lonophores This is followed by a section 
outlining the experimental procedure used in this work Finally the results obtained 
on the use of this calixarene are presented
3.1.1 Chromoionophores 
3  1 1 1  C h r o m o g e m c  C r o w n  E t h e r s
In 1977 Takagi et al synthesised the first coloured crown ether anions [1,2] Mono 
(Figure 3 1) and diprotic chromophores were attached to the crown ether in such a 
way so that the complexation of positively charged metal ions was accompanied by 
the dissociation of protons of the chromophore The colour effect is primarily due to 
the spectral differences of the protonated and deprotonated species with very little 
difference observed between the absorption spectra of different cations Extraction 
studies of metal ions from an aqueous phase into a basic-chloroform layer containing 
the chromogemc ligands resulted in an ease of extraction in the order of K+ > Rb+ > 
Cs+ > Na+ »  Li+ The photometric determination of 10-800 ppm of K+ was possible 
m the presence of other alkali and alkaline earth metal ions
Pacey et al examined the effect of varying the chromophore substituents on the 
picrylaminobenzene[15]crown-5 derivatives e g replacing the mtro group with mtnle 
or tnfluoromethyl [3] By changing these groups it was hoped to increase the 
spectral separation of the protonated and deprotonated species making the effective 
molar absorptivity for the deprotonated species greater and improving the reagent 
sensitivity The addition of tnfluoromethyl group was found to improve aqueous
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solubility and exhibit potassium selectivity The analytical range which the analysis 
covered was within the normal 137-207 ppm range for human blood serum
Misumi et al incorporated a dimtrophenylazophenol group into a crown ether 
molecule [4] In this case, the îomsable phenolic proton, was found within the crown 
ether cavity (Figure 3 2) Upon lithium complexation, a colour change from yellow 
to purple-red was observed when n = 1
Pyridine was used as the base to facilitate the uptake of the phenolic proton upon 
complexation with lithium The observed lithium ion-characteristic colour change is 
dependant on various factors e g , cavity size, acidity of the azophenol group, basicity 
of added amine and polarity of the solvent
By increasing n to 2 in 3 (iv), and attaching this reagent to an optical fibre, a system 
was developed for the determination of K+ in the presence of Na+ [5] This 
potassium sensor was capable of determining potassium ions in the concentration 
range ÎO'MO'1 M However the K+/Na+ selectivity of 6 4 was not sufficient for 
clinical use
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NR O
3 (i) R = H 
3 (ii) R = N 02 
3 (iii) R = Br
Figure 3.1: Picrylaminobemene[15]crown-5 derivatives [1]
o o - V
3(iv)
Figure 3.2: “Crowned” dimrophenylazophenol [4]
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Misumi et al developed amine selective crown ethers which were also based on the 
dmitrophenylazophenol chromophore [6] The coloured complexes of these crowns 
with metal or ammonium ions are differentiated from simple lon-dipole type 
complexes by an additional binding force, that is, coulombic interaction between the 
phenolate anion and the guest cation The mtrophenylazophenol crowns mvestigated 
were capable of producing colour changes with primary, secondary and tertiary 
amines The crown shown in Figure 3 3 is an example of one of the compounds 
investigated which apart from the chromophore also contams the nitrogen atom of a 
pyndine ring in the crown cavity
Van Gent and coworkers [7] synthesised a 18-crown-5 incorporating a phenol, onto 
which was attached a dimethylquinolimum iodide group, with the phenolic hydroxyl 
group in the crown cavity as before In this work the importance of the coulombic 
interaction between the phenolate anion and , along with electrostatic interaction with 
the crown oxygens, for cation selectivity was expressed Complexation with Ca2+ 
caused the greatest shift m wavelength in the absence of base and was suggested to 
be due to Ca2+ ion being compatible with the cavity size and therefore in close 
contact with the phenolate anion
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N3(v)
Figure 3.3: Amine selective “crowned” dmitrophenylazophenol [6 ]
3 (vi)
Figure 3.4: Complex formed between Na+ and the dmitrophenylazophenol spherand 
[8]
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3 1 1 2  Chromogemc Spherands
In 1988, a six-membered spherand incorporating a dimtrophenylazophenol moiety 
was synthesised by Cram et al [8] and was shown to exhibit high Li+ binding power 
(Figure 3 4) The pKa of the phenolic proton varied depending on which cation was 
complexed with the ligand The lowest pKa was found for the Li+ complex (5 9) 
compared to values of 6 9, 12 7 and 13 for the Na+, K+ complexes and the free ligand 
respectively Therefore by careful choice of base, selectivity could be introduced
Picrylamine chromogemc groups were attached to one of the spherand rings in a Na+ 
and K+ selective cryptaspherand [9] These molecules were targeted because of the 
selective nature of their analogous non-chromogemc cryptaspherands for either Na+ 
or K+ The inclusion of the cation into the central cavity was sufficient to increase 
the acidity of the monobasic proton Selectivities of greater than 1000 for both 
[K+]/[Na+] and [Na+]/[K+] were obtained with these compounds
Sholl and coworkers reported on a chromogemc cryptand which contained a phenolic 
hydroxy group in the central cavity, attached to a mtrophenylazophenol group [10] 
This compound exhibited a Li+Na+ selectivity ratio of ca 104 on the basis of 
spectroscopic response at pH 9 No response to Na+ was seen even at a 1M 
concentration Zazulak et al [11] described another lithium selective chromogemc 
cryptand similar to the one described by Sholl An association constant of 3200 M"1 
m 10% DEGMEE/TMA(OH) (diethylene glycol monoethyl ether/tetramethyl 
ammonium hydroxide) for a lithium chromogemc cryptand complex was determined, 
but a value could not be obtained for Na+ or K+ due to lack of chromogemc response
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3 1 1 3  Chromogemc Calixarenes
In 1984, Bohmer et al descnbed a lithium selective colour change for a calix[4]arene 
which had not been functionalised at the hydroxyl group on the phenolic units 
However, these calixarenes contained one hydroxylmtrophenylene group adjacent to 
alkylhydroxyphenylene[ 12]
The first report on the incorporation of a mtrophenylazophenol unit onto the upper 
nm of the calix[4]arene macrocycle was in 1989 [13] (Figure 3 5, 3 (vii)). The pK* 
values of each of the phenolic protons of a tetrachromogemc derivative were 
evaluated by measuring the pH-dependant spectral change
CalixH4 -  CahxH3- + H+ pKai = 05
CalixHs ^....... -  CalixH22" + H" pKa2 = 20
CalixH22” -  CahxH3~ + H+ pKa3 = 10 0
CalixH3 -  ■- Calix4' + H+ pKa4= 13 0
where Ft is the acid proton removed from the phenol groups 
This pKa split was explained by the strong hydrogen-bonding interactions 
characteristic of calix[4]arenes The cation binding ability of a monochromogemc 
calix[4]arene bearing one mtrophenylazophenol group as a coloration site and the 
tnester moiety as a metal-bmdmg site was later investigated by the same group [14] 
(Figure 3 5, 3 (viii)) This compound was found to be more selective for Li+ over 
Na+ in the presence of imidazole which was added to facilitate the metal induced 
proton dissociation The Li+ acts as a countercation of the azophenolate anion and 
interacts with the three phenolic oxygens Nakamoto et al descnbed a similar 
molecule which contained a 2,4-dimtrophenylazophenol group rather than a 
tetrasubstituted calixarene [15] This compound also gave a colour change on 
complexation with Li+ m the presence of tnethylamme
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N3 (vii) 3 (viii)
Figure 3.5: Tetramtrophenylazophenol Calix[4]arene [13] and 
Monomtrophenylazophenol cahx[4]arene [14]
NO-
Y = 0CH2(CH20CH2)3CH20
3(ix)
Figure 3.6: Bridged chromogemc Cahxarene [16].
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Sutherland and coworkers used a tetramenc bridged structure with the same 
chromophore [16, 17] (Figure 3 6) which had previously been reported to show 
selectivity for K+ over Na+ in the purely lonophonc form [18] It was found that the 
pKa of the azophenol chromophore could be adjusted by changing the substitution 
pattern of the chromogemc aromatic group with a corresponding change in sensitivity 
to K+ at a given pH Improved extraction ability for K+ from a buffered pH aqueous 
solution to CHCI3 was demonstrated when the chromogemc group was a 
dimtrophenylazophenol as opposed to the mtrophenylazophenol The addition of a 
second electron withdrawing NO2 group would appear to give further stabilisation to 
the deprotonated phenolic form of the chromogemc group [16] When the size of the 
bridge was reduced by changing the number of OCH2 groups from 5 to 4 the 
compound became more selective for Na+ than K+ [17]
Kubo et al used mdoaniline as a chromophore in conjunction with calixarenes for 
cation analysis [19, 20] The calix[4]arene shown in Figure 3 7 exhibited a high 
selectivity for sodium A bathochromic shift was observed upon complexation with 
the sodium cation and this was explained m terms of the well tailored electrostatic
f
interactions existing between Na+ surrounded by OCH2COO groups and the 
mdoaniline carbonyl oxygen segment [19] A l,3-bis(indoamline)-denved 
calix[4]arene shown in Figure 3 8 was found to display Ca2+ induced colour change 
with a wavelength change greater than 100 nm [20] The preferential binding of Ca2+ 
compared to Na+, which have similar ionic radii, is due to the higher charge density of 
the Ca2+ which should react more strongly with the polar donor groups, especially 
those of the two quinone oxygens
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Figure 3.7: Monosubstituted indoamline cahx[4]arene [19]
3(x)
3 (xi)
Figure 3.8: l,3-Bis(indoanilme) derived Calix[4]arene [20]
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With the increasing interest m the development of optical sensors for the 
determination of clinically important metal ions, McCamck et al synthesised a range 
of chromogemc calixarenes and investigated their selectivity for various cations In a 
preliminary publication [21], two new chromogemc calix[4]arene tetraesters bearing 
mtrophenol residues adjacent to the polar cavity (Figure 3 9), display a staking 
cation-selective shift in absorbance maximum from the ultraviolet to the visible region 
in the presence of morpholine upon addition of lithium and to a lesser extent, sodium 
ions The metal salt causes a colour change from colourless to yellow with the 
colour density being concentration dependant The crucial role played by the base m 
generating the optical response was confirmed by the total lack of spectral changes 
on addition of metal salts in the absence of morpholine Deprotonation of the phenol 
is therefore an integral part of the process and the fact that an optical response is also 
found with the monophenol ligand (3 (xiii)) mdicates that only one deprotonation is 
sufficient for the effect to be observed
The calixarenes shown in Figure 3 9 as well as the calixarene (Cig groups in the para 
position) in Figure 3 10 were the subject of another publication by McCamck and 
coworkers [22] Ligand 3 (xiv) was also found to be selective for lithium m the 
presence of morpholine *H NMR expeoments provided information on 
complexation Ligand 3 (xii) appears to be in the cone conformation since the *H 
NMR spectrum reveals the presence of two tert-butyl signals which are replaced by a 
singlet on addition of NaSCN which is indicative of complexation of the cation within 
a more symmetacal environment defined by the four equivalent ligating arms, as are 
changes in the positions of the aromatic protons and bodging methylene protons 
However, no colour change occurred in these measurements, indicating that 
complexation without deprotonation was occumng This lack of colour change upon 
complexation in the absence of base confirms that deprotonation of the mtrophenol is 
a prerequisite for colour generation Therefore the colour change occurs only if a 
suitable base is available for uptake of the phenolic proton All three ligands are 
capable of extracting metal ions from an aqueous phase into an immiscible organic 
phase (which contained tododecylamine) Leaching of the complex from the organic 
to the aqueous phase was greatly reduced with ligand 3 (xiv) (Cig on upper nm)
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Figure 3.9: Chromogemc tetraesters bearing four or one nitrophenol residues [21, 
22]
(ch2)17ch3
3 (xiv)
Figure 3.10: Chromogemc cahx[4]arene with Cis alkyl chain in para position [22]
In an attempt to create compounds whose complex would have a longer wavelength 
absorbance maximum than the compounds containing the mtrophenol group, 
tetramenc calixarenes have been synthesised which incorporate a 
mtrophenylazophenol group as the chromogemc moiety in the ester portion of the 
molecule Compounds with a longer absorbance maxima such as these are more 
useful from an optical sensor point of view owing to cheap availability of blue light 
emitting diodes, which emit light m the range of the absorbance maxima of the 
azophenol group Therefore instrumentation development for these sensors is much 
simpler than for shorter wavelength compounds in which more complex excitation 
sources are required
Three novel cone conformational calix[4]arene tetraesters bearing 
mtrophenylazophenol residues (mono-, di- and tetrasubstituted) (Figure 3 11) were 
synthesised and shown to display a dramatic change in absorption spectrum upon 
complexation with lithium, and to a lesser extent sodium , m the presence of a base 
(tndodecylamine) [23] An instantaneous colour change from yellow to red 
corresponding to a wavelength shift from 380 to 520 nm, occurs upon the addition of 
lithium perchlorate to a solution containing any of the three ligands with the intensity 
of the colour being concentration dependant As with the mtrophenyl substituted 
calixarenes discussed above [22], no colour change was observed in the absence of 
base The best selectivity for lithium was exhibited by the mono-substituted 
derivative 3 (xvi).
McCamck et al developed a rapid and sensitive visual method for the detection of 
gaseous tnmethylamine (TMA) using the tetrasubstituted mtrophenylazophenol 
calix[4]arene 3 (xv) [24] TMA is a degradation product of bacteria such as 
Pseudomonas upon tnmethylamine oxide in marine fish after death [25] The 
development of a non-instrumental indicator system which would respond quickly to 
gaseous amines would obviously be of great benefit to the food industry A solution 
contaimng the ligand and L1CIO4 in butanol were placed in a test tube in a gas tight 
vessel
124
Figure 3.11: Chromogemc cone conformation cahx[4]arene tetraesters bearing 
mtrophenylazophenol residues (mono- di- and tetra-substituted [23]
Fixed volumes of aqueous TMA were injected into the vessel through a supa seal 
cap, ensuring that none of the liquid entered the test tube containing the indicator 
solution The vessel was heated gently to aid the evolution of gaseous TMA The 
colour of the indicator solution changed from yellow to red, with the colour density 
and time taken for the colour to develop to be dependant on TMA concentration 
The colour changes were measured using UV-VIS spectroscopy where an increase in 
absorbance occurred at 490 nm (from the deprotonated form of the complexed 
cahxarene) and a decrease in absorbance at 376 nm (from the protonated form of the 
complexed cahxarene) in butanol Using filter paper as the support, the complex was 
immobilised by carefully adding 0 2 mL of tetrahydrofuran (THF) solution containing 
the ligand and L1CIO4 onto the paper Evaporation of the THF yielded a paper with a 
yellow tinge These test strips were placed inside a gas-tight vessel and varying 
volumes of TMA added Staking colour changes were observed from yellow to red 
on the test stops for concentrations above 0 020 ppm up to 30 ppm were no further 
change m colour intensity was visually discernible At the lower concentrations, the 
colour change occuoed in under 2 minutes As the ultimate application of these test 
stops were in the food industry, expeoments were earned out to determine whether 
the test stops could react to the presence of gaseous TMA when enclosed in a gas 
permeable membrane such as Cling Film Visually no colour change was observed 
below 0 4 ppm TMA on exposure of up to 8 h Full colour changes were observed 
after 20 min for 2 5 ppm TMA and instantaneous colour changes occurong above 10 
ppm TMA The colour density is much greater and reaction times are much shorter 
for the test stops compared to the liquid phase expeoments This aoses because m 
the liquid phase experiments, the experimental design is such that the amine must 
partition into the butanol phase and diffuse throughout to generate the colour, 
whereas, with the test strip, only the coated surface of the paper is involved and not 
bulk diffusion processes, therefore colour generation is much faster
It is the ability of this compound to detect gaseous TMA that prompted us to 
investigate the effect of ammonia gas on a PVC membrane which incorporated the 
mtrophenylazophenol calix[4]arene ligand 3 (xv)
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3.12 Colour Generation in Chromogenic Ligands
The basic idea behind the colour change in the chromogenic ligands discussed in the 
previous sections is the same The vital role played by a suitable base in the lomsable 
chromogenic system has been highlighted by McCarrick and coworkers [22,23] as 
discussed in section (3 113)  The ligand under investigation in this study belongs to 
a series of chromogenic matenals m which the colour generation process essentially 
arises from deprotonation of the acidic chromophore (-COH) attached near the ligand 
(L-) polar cavity and can be used to detect a variety of metal ions (M+) Usually with 
these matenals, formation of the metal ligand complex by itself does not generate the 
colour change as a proton receptor is required for the acid-base colour generating 
reaction
L—COH + M+ LM+—COH Eq. 3.1
Confirmation of metal complexation in the absence of base was earned out by proton 
NMR spectroscopy as shown in Figure 3 12 Upon addition of 1 molar equivalent of 
sodium thiocyanate, a complex sequence of peaks between 0 9 and 1 3 ppm due to 
the non-equivalence of the tertiary butyl protons in the free ligand are resolved into a 
singlet at 1 2 ppm, indicating that a more ordered symmetry is forced on the molecule 
on complexation The charactenstic AB quartet of the bndging methylene protons of 
the calix[4]arene at 3 2 and 4 6 ppm were found to shift to 3 4 and 4 4 ppm 
respectively, which is again indicative of metal complexation confemng a more 
ordered structure on the molecule However the positive metal ion in the ligand 
cavity increases the acidity of the lomsable chromophores (as seen with the 
chromogenic crown ethers and spherands discussed in the previous sections) and m 
the presence of a suitable base (B) these are more easily deprotonated, shifting their 
absorbance maxima to longer wavelengths in the process
K a ( C )
LM -COH + B LM+—CO + BIT Eq. 3.2
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Hence for metal ion detection, the base must be chosen carefully, as if it is too strong, 
deprotonation of the ligand may occur independently of the presence of metal ions
K a(L)
L—COH + B L—CO“ + BIT Eq. 3.3
The ideal base will therefore react with the complex but not with the free ligand,
therefore enabling the metal ion to be detected optically Equations 3.2 and 3.3
evoked the successful investigation of the potential of the ligand-metal complex to 
produce a colour change upon reaction with gaseous tnmethylamine [24] As the 
complex is a stronger acid than the free ligand [i e Ka(o > Ka(L)], this was used in the 
subsequent experiments In other words the ligand-metal-base system previously 
used to detect the presence of metal ion is being reversed, the complex is used to 
detect the base
In the same way, we envisaged using the complexed form of the
mtrophenylazophenol calix[4]arene to detect gaseous ammonia
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Figure 3.12: Partial proton NMR spectra for the mtrophenylazophenol 
cahx/4/arene in CDCh (a) Before addition o f NaSCN (b) After addition o f 0 5 
molar equivalent o f NaSCN in CD5OH (c) After addition o f I molar equivalent o f 
NaSCN [26]
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3 13 Determination of Gaseous Ammonia
The determination o f  ammonia gas is important in clinical, environmental and 
industrial process analyses Ammonia is recognised as one o f  the primary irritants to 
humans as it affects skin and mucus membranes o f  the eye, nose, throat and lungs 
Concentrations o f  25 ppm in air have been recommended as threshold limit value for 
human exposure [27]
Ammonia plays an important role in atmospheric chemistry It is the most important 
alkaline gas m the atmosphere, although its average residence time is only 7-14 days 
due to  aerosol formation and neutralisation by the more abundant acidic species [28] 
These reactions make the measurement o f  ammonia important in studies o f  smog and 
acid rain formation Higher ammonia levels are o f  analytical interest in indoor 
environments where industrial operations such as refrigeration or fertiliser 
manufacture are earned out It has been found that excess emissions o f  ammonia 
cause damage to the ecosystem For example, the influence o f  ammonia in contact 
with soil leads to  acidification and unbalance o f  nutnents, resulting in destruction or 
change in natural vegetation [29]
Another major concern is the presence o f  ammonia in agnculture and animal shelters 
The ammonia problem in agriculture consists o f  tw o parts, on one side there is the m- 
building ammonia concentration, which has potential physiological effects on animals 
and health effects on workers On the other side, the emission o f  ammonia from the 
animal buildings into the atmosphere contnbutes much to the air pollution, both 
chemically and through the generation o f  offensive agncultural odour
Apart from being present in the atmosphere, it is also present in waters High levels 
o f  ammonia in nver w ater are indicative o f  pollution and can pose hazard to aquatic 
life Measurement o f  ammonia is also important to assess the freshness o f  meat and 
other food products
130
The use o f  optical sensors for ammonia gas determinations have drawn considerable 
attention owing to  their inherent advantages over electrochemical sensors
pH sensitive indicators are highly specific for ammonia determination Exposure to 
ammonia increases the pH o f  an indicator based sensor and the extent o f the reaction 
between the ammonia and the indicator dye depends on the concentration o f 
ammonia in the sample Several approaches have been reported for preparing optical 
ammonia sensors based on pH  indicators [30,31,32]
The use o f  receptor molecules coordinating the gaseous compounds instead o f 
immobilised dyes being deprotonated during the reaction with the gas were found to 
be a successful alternative in the development o f  optochemical sensors to determine 
ammonia e g metalloporphynns immobilised m nitrocellulose membranes [33]
Simon and coworkers [34,35] have reported on an optical sensor that responds 
selectively to  ammonia gas These sensors consist o f  an optical indicator and an 
lonophore contained in a thin plasticised PVC membrane which is cast on a glass or 
quartz plate so it can be easily mounted into a flow through cell in a 
spectrophotometer The lonophore is a neutral earner (nonactm or ETH 157) and 
the indicator is a H4 selective neutral chromoionophore that dramatically changes its 
absorption spectrum in the UV-Vis region on protonation/deprotonation When 
exposed to  the air sample, ammonia diffuses into the membrane A  reaction occurs in 
which the indicator is deprotonated and ammonia is protonated The degree o f 
deprotonation o f  the indicator at equilibnum is mediated by the complexation o f  the 
resulting ammonium ion by the lonophore This complexation induces selective 
response to gases which can be protonated to  form a cation The ratio o f  the 
protonated to  deprotonated form o f the indicator is a function o f  the ammonia 
concentration which can be deduced by measunng the absorbance at an appropnate 
wavelength for either form This optode has a range from 0 002 to  100 ppm 
ammonia and is unaffected by changes in humidity
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3.2 Experimental
3.2.1 Apparatus and materials
3.2.1.1 Materials
The nitrophenylazophenol calix[4]arene 3 (xv) was synthesised as described 
previously [23], The ammonia solution and lithium perchlorate and potassium 
perchlorate salts were obtained from Riedal-de Haen. Membrane plasticiser, o- 
nitrophenyl octyl ether (o-NPOE) and dibutyl sebacate (DBS), ion-exchanger, 
potassium tetrakis (p-chlorophenyl)borate, (K TplPB ) poly(vinyl chloride) (PVC) and 
selectophore grade tetrahydrofiiran (THF) were obtained from Fluka. Deionised 
Milli-Q grade water was used throughout.
3.2.1.2 Energy minimised structures
The 3-dimensional energy minimised structure o f the molecule is shown in Figure 
3.13. This structure was minimised using Hyperchem v. 4.0 which employs 
molecular mechanics with the force field M M +. The following algorithms were also 
employed, Steepest Decent, Polak-Ribiere and Newton-Raphson. Light blue = 
carbon atoms, red = oxygen atoms, dark blue = nitrogen atoms. Hydrogens not 
shown for clarity.
3.2.1.3 Membrane preparation
The optode membranes were prepared from a PVC cocktail composition as follows, 
ligand, lOmg; ion-exchanger, 2mg; o-NPOE, 200mg; PVC, lOOmg. A reference 
membrane was also prepared that omitted the ligand from the cocktail. The 
membrane components were dissolved in 1.5 mL o f THF. A portion o f  400 |xL o f 
this solution was injected onto a rotating dust-free glass slide. The spinning device
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used was a Laurell WS-200 series (Lansdale, PA  19446, USA) with a rotating 
frequency o f  600 rpm This allows the preparation o f  glass-supported membranes 
having controlled and reproducible thickness (c 10 pm) After a spinning time o f 5 
seconds the glass slides with the yellow optical sensing membrane was removed and 
left to  dry for 10 minutes m the dark
3  2  1 4  P r e p a r a t i o n  a n d  c o a t i n g  o f  o p t i c a l  f i b r e
The plastic clad silica optical fibre o f  600 ¡am diameter was prepared as follows A  12 
cm length o f  the optical fibre was polished at both ends and the primary (outer) 
coating was removed with a blade The cladding was then removed using a 
commercial etcher (Lumer O E Stopper) The remaining glass silica core was then 
cleaned with acetone and w ater
The fibre was then coated by dipping into the PVC cocktail containing the same 
components and amounts as used to  prepare the membranes on the slides The only 
difference being the plasticiser which was dibutyl sebacate The refractive index 
( R I ) o f  a series o f  plasticisers (with PVC) were measured using ellipsometry (Table 
3-1) and it was found that the refractive index o f  DBS is the only one o f  those 
investigated that had an R I  just below the maximum value allowed for these 
experiments so as to provide total internal reflectance o f  light (1 46) along the optical 
fibre Above this value the light would escape from the fibre
Plasticiser Refractive Index
2-NPOE 1 52
Dioctyl phthalate 151
Dioctyl adipate 1 47
Dioctyl sebacate 1 46
Dibutyl sebacate 1 45
Table 3-1: Refractive index o f plasticiser coatings on silicon using ellipsometry
133
Experiments were also earned out where lithium perchlorate or potassium 
perchlorate were included in the cocktail 5 mL (in total) of THF was added to the 
cocktail The dip coating process involves an automated system which allows the 
withdrawal speed to be vaned In our case a the speed was set to lmm/s 5 cm of 
unclad fibre was coated
3  2  1 5  E q u i p m e n t
UV-Vis absorbance spectra were obtained using a Hewlett Packard 845 2A 
photodiode array specrophotometer The cuvettes used to carry out the 
measurements had a platform of glass in the bottom so that the coated glass slides 
could be held securely in place The lid of the cuvette was also cut so that it fitted 
between both slides (Figure 3 14)
The charactensation setup for the fibre optic measurements is shown in Figure 3 15 
The white light source is a tungsten halogen lamp Both the launch optics and 
collection optics contain two lens, one lens is used to collimate the light and the other 
is a microscope objective lens to focus the light The mass flow controller allows 
known concentrations of ammonia gas to be passed over the optical fibre The mask 
shown here m the setup is placed at the end of the optical fibre where the light is 
launched The function of the mask is to block the low order modes of light, which is 
the light that passes straight through the optical fibre and has no significance in the 
evanescent wave motion Higher order light enters the fibre optic at greater angles 
and dominates evanescent wave measurements By filtenng out the lower order light, 
the fraction of light that is absorbed is increased which causes an increase in 
sensitivity The Ocean Optics Spectrophotometer is used to collect the light that is 
coming from the fibre and disperses it across a linear range of 1024 CCD detectors
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3 2 2 Experimental procedure
Two coated glass plates were mounted in the cuvette The coated slides which did 
not contain the ligand were used as the blank scan 5 |iL of aqueous ammonia of 
varying concentrations (0 1M to 5M) were injected carefully onto the bottom of the 
cuvette taking care not to touch the membranes The spectra were recorded after 30 
s To investigate the time response of the membranes, three concentrations were 
chosen and the spectra were recorded at various time intervals
The optical fibre measurements were earned out using the coated fibre in nitrogen as 
a reference Vanous concentrations of ammonia were passed through the cell and an 
interval of one hour was allowed before the absorbance spectra were recorded An 
expenment was also earned out to investigate the time response of the coated fibre to 
the ammonia gas The ocean optics spectrometer was set to monitor one wavelength 
(the wavelength of maximum absorbance)
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Figure 3.13: Molecular model o f  the nitrophenylazophenol calix[4]arene 3 (xv) using 
Hyperchem (v.4.0) showing side (a) and top view (b) o f  molecule. Refer to 
experimental section fo r  further details (3.2.1.2).
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Figure 3.14: 1 cm cuvette used in the UV-VIS measurements.
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Figure 3.15: Schematic diagram o f the instrumental set-up usedfor the optical fibre 
measurements
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3.3 Results and Discussion
3 3 1 Cuvette-based experiments
The 3-d representations of the molecule shown in Figure 3 13 clearly show the four 
pendant mtrophenylazophenol groups pointing downwards from the calix[4]arene 
backbone and emphasising the polar ester cavity The distances between the phenolic 
oxygen atoms on opposing rings is 5 29 and 3 57 angstroms The angles were also 
measured between the aryl groups The angle was 4 5° for the parallel aryl groups 
and 86 5° between the angular aryl groups These measurements emphasise the ‘two 
in two out’ conformation which is characteristic of the cone conformation
An immediate visible colour change from yellow to red could be identified once the 
membranes were exposed to the ammonia gas Once the slides were removed from 
the ammonia atmosphere m the cuvette the original yellow colour returned 
immediately proving the reversibility of the reaction The difference spectra obtained 
on exposure of the coated slides to the various concentrations of ammonia are shown 
m Figure 3 16 A decrease in absorption occurs at 394 nm and this is accompanied 
by an increase m absorbance at 500 nm with an isosbestic point at 418 nm 
Eventhough the difference in absorbance is quite small (0 01 for 0 1 M to 0 30 for 5 
M), this experiment demonstrates the potential application of this chromogemc ligand 
in the determination of ammonia in the gas phase Obviously the concentration of 
ammonia in the gas phase in the cuvette is much smaller than the aqueous solutions 
that were added in 5|iL quantities implying that the ligand may be employed for the 
detection of trace quantities of gaseous ammonia
As discussed in the introduction, this ligand belongs to series of chromogemc 
materials in which the colour generation is caused by the deprotonation of the acidic 
chromophore (-COH) attached near the ligand polar cavity In previous experiments 
involving this ligand (L) [23], the presence of a suitable base causes deprotonation
139
In our experiment, the basic nature of the NH3+ results in the deprotonation of the 
OH of the chromophore and hence the colour change occurs (Figure 3 18)
L —  COH + NH3 ^  " L —  CO" + N H / Eq.3.4
We have no evidence as to whether there is only deprotonation occurring in one of 
the chromogemc groups or if the other groups are also involved Figure 3 18(a) 
illustrates the deprotonation of one group with the protonated cation then entering 
the cavity of the calixarene Alternatively, the ammonium cation may also form a 
loose association with the deprotonated group as shown in Figure 3 18(b) An !H 
NMR titration experiment would distinguish between these two mechanisms of 
interaction
The response vs time curves at an absorbance maximum of 500 nm are presented in 
Figure 3 17 These results demonstrate that it takes about 30 seconds before the final 
steady state absorbance maximum is reached for each of the three concentrations 
investigated It maintains this absorption maximum for up to 3 nun
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Figure 3.16: Difference absorption spectra o f the plasticised PVC membrane 
containing the mtrophenylazophenol cahx[4]arene upon addition o f 5 pL o f various 
concentrations o f aqueous ammonia to the bottom o f the cuvette
Figure 3.17: Absorbance Vs Time recorded at a wavelength o f500 nm for the 
addition o f 5 pL o f 0 1M, 2 M  and 10 M  aqueous ammonia into the bottom o f the 
cuvette.
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(b)
Figure 3.18: Representations o f the deprotonation o f the mtrophenylazophenol 
calix[4]arene brought about by the basic nature o f the ammonia gas (a) The 
ammonium ion enters the cavity or (b) the ammonium cation forms a loose 
association with the deprotonated anion
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3.3.2 Fibre-optic experiments
The results obtained using the cuvette experiments evoked interest in the 
development o f a more sensitive method for the detection o f  gaseous ammonia. The 
use o f an optical fibre system in conjunction with a mass flow controller was 
investigated and some preliminary results are presented here demonstrating the 
potential o f  this compound. The nitrophenylazophenol group is a suitable 
chromophore for fibre optic measurements due to its long wavelength absorbance 
maximum in the deprotonated form.
We envisaged using the lithium-complex to increase the sensitivity for the detection 
o f  gaseous ammonia in the same way as it was used to  detect gaseous trimethylamine 
[24] as discussed in section 3.1.2. As the ligand has been shown to be more selective 
for Li+ over sodium with a K l^ s  o f  31.5 [36], UCIO4 was included in the PVC 
cocktail. The effect o f  potassium in the PVC coating was also investigated.
Four different coatings for the optical fibre were investigated in the following 
experiments:
Coating 1 contained ligand, ion-exchanger, DBS and PVC
Coating 2 contained same as 1 plus a 1 mole equivalent o f  LiC104 to the ligand.
Coating 3 contained same as 1 plus a 0.5 mole equivalent o f  LiC104 to the ligand.
Coating 4 contained same as 1 plus a 0.5 mole quivalent o f  KCIO4 to  the ligand.
Coatings were prepared as described in section 3.2.1.3.
3.3.2.1 Spectral characteristic of optical fibre with coating 1.
Figure 3.19 shows the absorbance spectra o f  the PVC coated optical fibre 
incorporating the nitrophenylazophenol calix[4]arene for different ammonia 
concentrations in the wavelength range o f  400 to  750 nm. All spectra were recorded 
relative to a scan o f  the coated fibre in nitrogen. The same trend can be seen as was 
found with the cuvette experiments, with the added advantage that the concentration
143
of gaseous ammonia flowing through the system is known The charactenstic shift of 
absorbance maximum to 500 nm occurs on the addition of varying concentrations of 
ammonia gas in the range of 5 ppm to 500 ppm which represents the deprotonated 
form of the azophenol group This A™ax increases with increasmg concentration of 
ammonia but the absorbance values are quite small, (the addition of 500 ppm leads to 
an absorbance of 0 12 a u) The noisy signal at the lower wavelengths is due to two 
main factors At lower wavelengths the sensitivity of the system is low Coupled 
with this is the small signal obtained at these wavelengths due to the large absorbance 
of the cahxarene which would result in a low signal to noise ratio
A plot of the correlation coefficient versus wavelength is shown m Figure 3 20 It 
appears that the correlation coefficient is the largest in the wavelength range of 550 
to 590 nm
The graph of absorbance at three different wavelengths within this range (550 - 590 
nm) versus concentration of ammonia is shown in Figure 3 21 There is no linearity 
within the concentration range of ammonia investigated The linear range may be at 
the lower ppm values Further experiments in the lower ppm region would be 
required m order to confirm this
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Figure 3.19: Absorption spectra o f the optical fibre with coating 1 for different 
concentrations o f ammonia A scan o f the coatedfibre in nitrogen is used as the 
reference
Figure 3.20: The variation o f correlation coefficient over the wavelength range 
from 450 to 650 nm fo r coating 1
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Figure 3.21: Comparison o f the absorbance at 550, 570 and 590 nm versus the 
concentration o f gaseous ammonia in ppm using optical fibre with coating 1
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3 3 2 2 Spectral characteristic of optical fibre with coating 2
Figure 3 22 shows the absorption spectrum of the optical fibre with coating 2 over 
the wavelength range of 400-750 nm The addition of L1CIO4 to the cocktail has 
greatly mcreased the sensitivity to gaseous ammonia as expected, with the 
absorbance at the X^ ax reaching 1 2 a u on exposure of the optical fibre to 100 ppm 
NH3+ On investigation of the variation of correlation coefficient (Figure 3 23) over 
the wavelength range, it was found that the highest values were in the wavelength 
range of 580 -620 nm
Figure 3 24 illustrates the change m absorbance over the concentration range of 
ammonia at three wavelengths There appears to be some linearity at the lower 
concentrations (0-10 ppm) Further experiments in this range would be required to 
investigate this linearity
The inclusion of a metal cation into the calixarene cavity is exerting an effect on the 
lomsable chromophore, thereby lowering its pKa and facilitating proton uptake by 
NH3+ The ammonium cation may then form an association with the perchlorate 
anion in the non-polar environment of the membrane (Figure 3 25)
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Figure 3.22: Absorption spectra o f the optical fibre with coating 2 containing 
LiCl0 4 fo r different concentrations o f ammonia A scan o f the coatedfibre in 
nitrogen is used as the reference
Figure 3.23: The variation o f correlation coefficient over the wavelength range 
from 450 to 650 nm o f the optical fibre with coating 2
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Figure 3.24: Comparison o f the absorbance at 580, 600 and 620 nm versus the 
concentration o f gaseous ammonia in ppm o f the optical fibre with coating 2
Figure 3.25: Representation o f the deprotonation o f the lithium 
mtrophenylazophenol cahx[4Jarene complex brought about by the basic nature o f 
the ammonia gas and the formation o f ammonium perchlorate
149
3 3 2 3 Spectral characteristic of optical fibre with coating 3
In this case the effect of decreasing the concentration of L1CIO4 (0 5 mole eq ) m the 
PVC coating was investigated Figure 3 26 shows the absorbance spectra obtained 
The sensitivity has decreased compared to coating 2 but is more sensitive than 
coating 1 which is in the absence of L1CIO4 On exposure to 500 ppm ammonia the 
absorbance at the maximum wavelength is 0 3 a u On analysis of the data, the 
correlation coefficient appears to be the biggest m the wavelength range around 600 
nm (Figure 3 27) The plot of absorbance at 580, 600 and 620 nm versus 
concentration of NH3+ (Figure 3 28) suggests that as in Figure 3 24 there is some 
degree of linearity in the lower concentration range of ammonia
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Figure 3.26: Absorbtion spectra of the coated optical fibre containing 0 5 mole eq 
L1CIO4 (coating 3) for different concentrations of ammonia A scan of the coated 
fibre in nitrogen is used as the reference
Figure 3.27: The variation of correlation coefficient over the wavelength range 
from 450 to 650 nm for optical fibre with coating 3
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Figure 3.28: Comparison of the absorbance at 580, 600 and 620 nm versus the 
concentration of gaseous ammonia in ppm for optical fibre with coating 3
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3 3 2 4 Spectral characteristic of optical fibre with coating 4
Figure 3 29 illustrates the absorbance spectra obtained using the coating which 
included 0 5 mole eq of KCIO4 The sensitivity is slightly decreased when compared 
to coating 3, with the maximum absorbance on exposure to 500 ppm approaching 0 2 
at a wavelength o f 480 nm The correlation coefficient is poor over the entire range 
(Figure 3 30), never rising above 0 8 except around 450 nm where the signal is very 
noisy Figure 3 31 shows the non-lmear responses obtained at three wavelengths
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Figure 3.29 Absorbtion spectra of the coated optical fibre containing 0 5 mole eq 
KCIO4 (coating 4) for different concentrations of ammonia A scan of the coated 
fibre in nitrogen is used as the reference
Figure 3.30 The variation of correlation coefficient over the wavelength range from 
450 to 650 run of optical fibre with coating 4
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Figure 3.31: Comparison of the absorbance at 480, 500 and 520 nm versus the 
concentration of gaseous ammonia in ppm of optical fibre with coating 4
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3 3 2 5 Comparison of the four coatmgs
Figure 3 32 compares the absorbance o f the four coatings at a concentration of 
ammonia o f 50 ppm This clearly demonstrates that the presence o f a 1 mole eq of 
L1CIO4 to the calixarene in the PVC membrane (coating 2) increases the sensitivity 
to the gas However, there is also a shift in the maximum wavelength from 490 nm 
which is the Xmax for the other three coatings to 520 nm for coating 2 This shift to 
higher wavelengths may indicate that further deprotonation is also occurring with the 
other chromogemc groups that are present within the molecule Variations in the 
concentration o f L1CIO4 would be expected to result in different deprotonated spectra 
in the presence o f the same concentration o f ammonia This was found in the TMA 
detection experiments earned out with the same complexed ligand, with the 
concentration o f L1CIO4 having a large beanng on the concentration range o f TMA 
concentrations which could be determined [37] In the same way, coating 3 which 
contains 0 5 mole eq L1CIO4 exhibits a large decrease m absorbance at the 
deprotonated complex Xmax for the same concentration o f ammonia relative to coating 
2
By changing the metal cation to KCIO4 in the membrane (coating 4), the response to 
50 ppm is even further decreased McCamck and coworkers found a spectral 
response to Li+ at lower concentrations than for Na+ for this ligand [23] The 
vanation in response to different cations is a function o f both the stability constant of 
the complex and of the effect the inclusion o f a cation has on the pKa o f the 
dissociating proton Undoubtedly complexation occurs with Na+ as shown by the 
proton NMR expenments discussed earlier, but the less densely charged Na+ cation 
cannot quite exert the same effect on the pKa o f the phenolic proton of the 
chromophore It is well known that tetraesters do not form stable complexes with K+ 
which has a larger atomic radius than Na+ and is even less densely charged and so 
would explain the decrease in response with coating 4
As would be expected, the absence o f L1CIO4 in coating 1 results in a sensor that has 
the least response o f all four coatings to gaseous ammonia
156
Figure 3 33 shows the comparison o f the absorbance at the wavelength maximum of  
the deprotonated ligand over the concentration range o f ammonia investigated for the 
four coatings This reinforces what has been discussed above in demonstrating the 
effect o f the presence o f Li+ in the coating on the detection of the gas
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Figure 3.32: Absorbtion spectra o f  the four different coated optical fibres at a 50 ppm  
concentration o f  gaseous ammonia.
Figure 3.33: Comparison o f  the absorbance at the Xmax versus concentration o f  
ammonia fo r  the four coated optical fibres.
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3 3 2 6 Time response on exposure to ammonia
The response time of these coated optical fibres were investigated and some 
preliminary results were obtained
Figure 3 34(a) shows a plot o f absorbance at 490 nm versus time on the addition of 
20 and 100 ppm ammonia using the optical fibre which was coated with the ligand 
only (coating 1) For a concentration of 20 ppm ammonia the ts>o time is 7 minutes 
(tgo is the time needed to reach 90% of the final value) There is an immediate 
response on exposure to 100 ppm but there is considerable drift in the signal This 
drift is also apparent when nitrogen is passed through the system which may be due 
to the presence o f ammonia in the pipes
In Figure 3 34(b) the absorbance is measured at 520 nm over time using the optical 
fibre coated with coating 2 (i e 1 mole eq L1CIO4) The time response on exposure 
to 5 ppm ammonia is very long with the signal beginning to stabilise «60 minutes 
When the concentration is increased to 50 ppm, the time it takes for the signal to 
stabilise is obviously quicker but the signal is extremely slow to return to baseline 
when the ammonia is replaced by nitrogen
When the fibre used has a coating which contains 0 5 mole eq of L1CIO4 (coating 3), 
a slower time response to that in Figure 3 34(a) is seen (Figure 3 34(c)) The 
absorbance is measured at a maximum o f 480 nm Again there is considerable drift in 
the signals with the time it takes for the signal to return to baseline » 40 minutes
In Figure 3 34(d) the absorbance is o f a fibre with coating 4 is measured at 480 nm 
over time The time response is very similar to the fibre which did not contain any 
lithium in the coating (Figure 3 34(a))
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Figure 3.34(a): Time response using coating 1
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Figure 3.34 (b): Time response using coating 2
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Figure 3.34(c): Time response using coating 3
Figure 3.34(d): Time response using coating 4
Figure 3.34: Investigation of the optical response at the of the optical fibres 
with coating 1 (a), coating 2 (b), coating 3 (c) and coating 4 (d) with time
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3.4 Conclusions
The preliminary results presented in this chapter demonstrate the potential o f the 
mtrophenylazophenol calix[4]arene as the active component o f an optical sensor for 
the detection o f gaseous ammonia and the main features are discussed below
• In the cuvette-based experiments, a colour change from yellow to red was clearly 
visible when the coated membranes were exposed to gaseous ammonia which 
resulted in a shift in the absorbance maximum from 390 nm to 500 nm which was 
shown to be concentration dependant The results demonstrated that it took 30 s 
before an steady-state absorbance maximum was reached Once the slide was 
removed from the ammonia atmosphere the original yellow colour returned
• The sensitivity to ammonia was significantly improved when an optical system 
was used which involved coatmg optical fibres The Li+-calixarene complex 
demonstrated the largest response to ammonia as compared to the coatings which 
did not contain L1CIO4 The Li+ in the cavity lowers the pK* of the lomsable 
chromophore and facilitates proton uptake by the ammonia
•  The response times o f the sensors to ammonia were slow (typically 60 minutes 
for lower concentrations) and there was considerable drift occumng The signal 
was slow (> 40 minutes) to return to baseline when nitrogen was passed through 
the system
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3 4.1 Future Work
No optimisation studies were earned out on any aspect o f this work so there is much
scope for improvement in the general specification o f the sensor Further work could
include,
•  Optimisation o f coating thickness on the optical fibre by varying the components 
of the PVC cocktail e g diluting the cocktail and varying the amount of THF and 
varying the withdrawal speed m the dip-coating process
•  Investigation o f the effect o f other cations in the coating and using higher mole 
equivalents to ligand
•  Measurement o f the pKa o f the complexed ligand with varying concentrations o f  
Li+ using a non-aqueous pH titration, which may give some insight into the 
degree o f deprotonation occumng
•  Proton NMR titration studies which would give some insight into the fate o f the 
ammonium cation once the colour change has occurred
• Examine the effect o f other strategies for immobilising the calixarene onto the 
fibre e g  other polymers, plasticisers, covalent attachment via silyl groups on 
upper nm o f the calixarene
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V4. Sodium-Selective Electrodes 
Based on Triester Monoacid 
Derivatives of p-tert- 
Buty lcalix [4] arene
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4.1 Introduction
This chapter deals with another means of transduction o f cahxarene host-guest 
chemistry, that o f potentiometry An introduction to the theory of potentiometry is 
given as well as a brief literature survey on calixarene-based sodium selective 
electrodes This is followed by a section outlining the experimental procedures used 
in this work Finally the results of the work earned out on the charactensation of 
sodium-selective electrodes incorporating tnester monoacid denvatives o f p-tert- 
butylcalix[4]arene are presented
4.1 1 Potentiometry
Potentiometry is one o f the most widely used electroanalytical methods The term 
potentiometry pertains to the technique o f measunng the potential difference o f a 
galvanic cell or electromotive force (emf) The simplest electrochemical cell consists 
of two electncal conductors or electrodes immersed in an electrolyte solution
In potentiometry the voltage source is a form o f a galvanic cell in which 
electrochemical reactions occur spontaneously at the electrolyte/electrode interface 
when the electrodes are connected by a conductor The two electrodes are known as 
the ion-selective electrode (ISE) and reference electrode respectively The overall 
cell potential is measured when the reversible electrode reactions have reached 
thermodynamic equilibnum Hence the true values o f this potential can only be 
measured under zero current conditions The mam task in analytical potentiometry is 
to relate changes in cell potential to shifts m a particular ion activity ansing from its 
reversible exchange at the ISE membrane/sample interface boundary This can only 
be achieved if all other potentials ansing m the cell are independent o f the solution 
composition
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4.1.2 Conventional Ion-Selective Electrodes
The conventional cell arrangement for potentiometnc measurements using an lon- 
selective electrode (ISE) is shown in Figure 4 1 [1]
In the conventional configuration, the ISE is filled with an aqueous reference solution 
which contains the ions necessary to maintain constant potentials at both the internal 
reference electrode (e g  Ag/AgCl) and the inner surface o f the ion-selective 
membrane In a simple system where the reference electrode does not have a liquid 
junction such as an Ag/AgCl reference electrode, the overall cell potential (Eceii) 
would be given by
E ceU = e ISE “ E Ref E<l- 4 -1
where Eise is the ion selective electrode potential and Eref is the reference electrode 
potential If the sensing electrode responds in a Nemstian fashion to the analyte ion 
(iz+) then
RT
Ejse = E °  +2 303 logaj Eq. 4.2
ziF
where i is the analyte o f interest, o f charge Zj and activity a,, R, T and F are the gas 
constant, the absolute temperature and the Faraday constant respectively and E° is 
the standard electrode potential, which is ideally constant under the conditions o f use 
If Eref is independent o f the sample composition (i e constant) then by combining 
equation 4.1 and 4.2 and the following equation can be written
RT
ECell = constant + 2  303 logaj Eq. 4.3
ZiF
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Hence the cell will respond m a Nemstian manner to changes m However the 
reference electrode must often be separated from the sample solution because the 
reference electrode potential is affected by the sample composition or because o f cell 
design considerations The electrical contact between the reference half-cell and the 
sample solution is achieved by means o f a salt bridge Such a bndge/solution 
boundary gives rise to ionic diffusion which introduces a liquid-junction potential into 
the system Liquid junction potentials are a direct result o f the differences in ionic 
mobilities o f the positive and negative ions constituting the bndge electrolyte 
resulting in a charge separation For example if the positive ions migrate faster into 
the sample solution than the negative ions, a charge separation soon develops at the 
sample/bndge junction The magnitude o f the resulting potential difference is 
dependent on a number o f factors, such as the type o f the bndge ions, the 
composition o f the sample solution, the geometry of the bndge and the temperature
As the junction potential contnbutes to the overall cell potential, it is important that it 
be as small as possible, or at least constant over the penod o f use Due to the similar 
mobilities o f K+ and Cl", saturated KC1 solutions are frequently used in the 
preparation o f bndges as only relatively small junction potentials will anse [2] A 
mathematical descnption o f the junction potential is given by the Henderson Equation 
(Eq. 4.4) [1],
e d  =
2 z*uia'(°)_ 2 ziu‘ai(d)
\
uiai ( ° ) - E z. u*a«(d).
RT
x2 303— log 
F 6
Zj ^3,(0)
Z zS a>(d),
Eq. 4.4
The summation terms include contnbutions by all the ionic species (i) that are present 
within the membrane, the absolute value o f the charge numbers zh mobilities ut and 
activities a.l and assumes a linear diffusion gradient, and (d) and (o) are due to the 
diffusion layer between the internal reference solution and the external sample 
respectively
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4.13 Activity Coefficient
From the Nemst equation (Eq 4.2) it can be seen that the electrode response is 
related to the activity o f the ion o f interest at The activity o f an ion in solution is not 
identical to its concentration but can be related to it by the equation
aj = fjCj Eq. 4.5
where for an ion (1), aj is the activity, (Cj) is the concentration and (ft) is an activity 
coefficient As the concentration o f a species tends to zero, the activity coefficients 
tends to unity and so the activity and concentration become identical in infinitely 
dilute solutions The activity coefficient (fj) quantifies the degree o f deviation of an 
ideal solution from the ideal situation Its value depends on the ionic strength o f the 
solution
Eq. 4.6
where Cj = molar concentration o f i
The ionic strength may be related to the activity coefficient by means o f the Davies 
model [3],
logf, = -A zf
yfl
1 + VÎ
- 0 2 1 Eq. 4.7
where A is a solvent dependency constant (0 512 for water)
4.1 4 Membrane Potentials
In an ideal potentiometnc cell, where effectively the contributions from the reference 
electrode, and the junction potential are constant, changes in the membrane potential
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Em can be monitored as changes in overall cell potential The membrane potential is 
determined by the boundary potentials at the two membrane/solution interfaces and 
any diffusion potential which arises as a result o f variation in the ion composition 
through the membrane This is shown diagramatically in Figure 4 2 where E'g is the 
potential at the internal solution boundary, E"g the potential at the sample boundary 
and Ej) is  the diffusion potential which arises from the spontaneous transport o f  
charged species across the membrane so that a potential gradient is formed The full 
membrane potential is then given by
4  1 4  1  B o u n d a r y  P o t e n t i a l
The phase boundaiy potential anses from the non-umform distnbution of electncally 
charged species between the two phases Both chemical and electncal potential 
contnbutions must be taken into account in descnptions o f ion transport or ion 
distnbution For an ion l o f charge Zj exchanging reversibly across an aquo-liquid 
membrane boundary, the work done m establishing equilibnum can be descnbed by
where AG is the change in Gibb's free energy, F is the Faraday constant and E g is the 
electncal potential established over the boundary The decrease in Gibb's free energy 
is given by the difference in the partial molar Gibb's free energy (n) for the ion i in the 
membrane (m) and the aqueous (aq) phases
Eq. 4.8
-A G  = ZjFE g Eq. 4.9
AG M'i(aq) M'i(m) Eq. 4.10
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Figure 4.2: Boundary and diffusion potentials of ion-selective liquid-membranes
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While measurements are usually earned out under a wide vanety o f conditions, these 
are conventionally related to the work done to bnng about the same charge under 
standard conditions by
-AG° = n ; aq) -  H?(m) = Eq. 4.11
and the standard state 0 is related to other states by
= |i° + RTlna, Eq. 4.12
So substituting into Eq. 4.10 above
- A G = ^ (aq)-|x °(m)+RTln- l i(aq)
*i(m)
Eq. 4.13
The electncal potential at the interface is thus
'B
M'i(aq) M’i(m) RT,
+  In
ZjF
i(aq)
V a i(m) )
Eq. 4.14
[n«aq) -  Hjm)]
If Eg the standard potential = A ±, then the boundary potential at any
z,F
particular membrane interface is,
„ o  R T ,
^ b - E b +  In
r \
z,F
l i(aq)
v, a i(m) y
Eq. 4.15
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As there are two membrane interfaces, (') the internal interface and (") the external
» »
interface Two equations can be written for the boundary potentials EB and E B 
from (Eq. 4.15) above
E B = E g + ^ l n
ZiF
Eq. 4.16
E b = E ^ + ^ 1 h 
ZlF
f  " A 
l i(aq)
Va i(m)
Eq. 4.17
Combining (Eq. 4.16) and (Eq. 4.17) the net boundary potential across the 
membrane is
’ oM o' RT
ib - e b = e ° b- e ° b ■
C " " \
a i(aq)a i(m)
ZiF
* i
a,/an ^ a.
Eq. 4.18
V“ i(aq)a i(m)y
Assuming the activity o f the ion a, is the same at both interfaces in the membrane i e
i 1
a i(m) = a i(m) then
M ' a* RTEn -  E d  = Ed - E % + —  In
ZlF
f  " \
a i(aq)
l
Va i(aqv
Eq. 4.19
4 14  2 D iffus ion  Potential
Although the membrane is considered to be a uniform phase, the free energies o f the 
membrane components undergo variation with time and this gives rise to diffiisional 
fluxes o f ions within the membrane Although more commonly used for the
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estimation of junction potentials, the Henderson approximation can be used to 
describe the diffusion potential across the membrane This allows easy and rather 
close characterisation o f the diffusion potential in terms o f boundary concentrations 
and mobilities o f diffusing ions, (see Eq. 4.4)
Relating this equation to Figure 4 2 , x = 0 for the sample boundary ("), x = d at the 
internal boundary (') and the thickness o f the membrane is d If we assume there is a 
negligible drop in primary ion activity across the membrane i e
and that there is virtually no penetration o f the membrane by interfering ions (j)
then the substitution into the Henderson equation leads to the approximation
4  1 4  3  T h e  C o m p l e t e  M e m b r a n e  P o t e n t i a l
Since E q can be approximated to zero or is at least constant, variations m the overall 
membrane potential will be determined by the values o f the boundary potentials As 
the internal electrolyte activity a\ is constant, substitution o f eq. 4.22 into eq. 4.8 and 
eq. 4.19 gives an expression for the overall membrane potential
a i(o) *  a i(d) Eq. 4.20
aJ ~aj(d) ~ ° Eq. 4.21
Ej) ~ 0 Eq. 4.22
Vz,F;
Eq. 4.23
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where is a standard membrane potential and includes contributions from Eq ,
Eg and E g Provided that the junction potential (Ejn) and the reference potential 
(Eref) remain constant the overall cell potential will depend on the activity o f the 
primary ion a!" in solution and can be defined by
Ecell= constant + S log a," Eq. 4.24
RT
For a ten-fold change in primary ion activity (a,) the ideal slope (S) is 2 303 -----
ztF
This is 59 2 mV for a monovalent ion and 29 6 mV for a divalent ion at 25°C Hence 
overall changes in cell potential will be ideally determined by changes in E " b
4 15 The Nikolskii-Eisenman Equation
Thus far m our discussion the change in electrode potential has been discussed m 
terms o f the ideal situation where the electrode responds solely to the presence o f the 
analyte ion In reality all electrodes are exposed to interfering ions, both cationic and 
anionic in nature The response of the electrode must also be considered in terms o f  
these interfering ions, which will interact with the electrode to varying degrees The 
Nikolsku equation [3] introduces a term for the presence o f interfering ions into the 
Nemst equation -
RT
EM = E j4 + 2  303 “ log
ZjF
z Eq. 4.25
where = activity o f the primary ion (i) in the sample solution, aj = the activity o f the 
various interfering ions (j) m the sample solution, E ^  = a standard boundary
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potential o f the membrane, incorporating other potentials besides the external 
boundary potential, kjj01 ( the selectivity coefficient) is a weighting factor to include 
contributions from interfering ions (j) to the total membrane potential (E ^ ) In the 
absence o f other ions (aj = 0) or an ideal electrode ( kjj01 = 0, for all mterferents j) 
the equation reduces to a Nemstian form for the primary ion
4.1 6 Ion-Selective Membrane Components
The key to successful design o f a potentiometnc sensor is to select a membrane that 
exhibits a selective and reproducible change in the presence o f the desired species 
Sensors are classified by the nature o f the membrane and one o f the largest groups of  
such sensors contain liquid membranes
The membrane material can be a non-polar liquid or polymer/liquid system with 
mobile ion-exchange sites that can move throughout the membrane but which are 
trapped within the boundaries o f the membrane because o f their lipophilic nature 
This generates a membrane potential via ion transfer from the aqueous to the 
membrane phase at the aquo/liquid boundary and forms the basis o f the 
potentiometnc measurement o f ions adjacent to the liquid membrane Two main 
types o f ion-selective compounds are used as dissolved components in liquid 
membrane sensors
(i) Organic lon-exchangers such as organophosphates or tetraphenylborate (cation 
exchanger) and tetraalkylammomum ions (amon exchangers)
(u) Uncharged molecules (neutral earners) capable o f selectively complexmg metal 
ions and drawing them into the membrane
In general, these selective membranes also consist o f a polymer, usually poly-vmyl 
chlonde (PVC) and a plasticiser which acts as the organic solvent The role o f the 
PVC is to provide an inert solid support structure m which the rest o f the 
components are contained Different plasticisers will effect the lipophilicity o f the
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membrane which would alter the distribution coefficients (k) o f the different species 
Other additives include fixed ion-exchange sites such as potassium tetrakis(4- 
chlorophenyl)borate (KTpClPB) which functions as an anion excluder, preventing 
negative charged ions getting mto the polymer membrane and helping to obtain a 
more ideal Nemstian response
4 1.7 Neutral Carrier ISEs
Various classes o f neutral earner lonophores have been used in potentiometnc ISE 
work such as crown ethers, spherands, and calixarenes The traditional barrel 
configuration ISEs shown m Figure 4 1 containing these neutral earner lonophores as 
the membrane recognition components have been used in numerous analytical 
situations over the last 30 years or so The huge developments in ISE research over 
this penod has been dnven m part by the speed and ease o f ISE use, the wide 
dynamic range possible and the relatively low cost o f the devices
For an extensive list o f neutral earner based ISEs and their current applications one 
should look to the excellent reviews [4,5,6,7]
4.18 Estimation of Selectivity Coefficients
A selectivity constant or coefficient is used to express the extent to which an 
mterfenng ion (j), interferes with the response o f an electrode to its primary ion (1) 
and has already been defined by the Nikolskii Equation (Eq. 4.25)
lM  ~ E M
2 303RT
z i F
l o g a , +  I k P o tajz l / z J Eq. 4.25
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where Zj and Zj are the charges on the ion 1 and j respectively and E° is the standard 
potential o f the electrode or a constant The term selectivity coefficient can be 
misleading in several ways This may result in coefficients that are not highly 
reproducible or precise being quoted Firstly, the selectivity coefficients for any 
interfering ions are dependent on the ionic strength o f the solution and the activity 
level at which the primary and interfering ions are measured They also depend on 
whether potentials are taken in mixed or separate solutions containing the two ions 
The actual method/equation used to obtain the final result has an effect on the 
calculated selectivity coefficient value Finally, the membrane composition o f the 
electrode e g the amount and type of îonophore, plasticiser and additives which is 
mainly determined by the membrane manufacturer, will affect the selectivity 
characteristics o f a particular electrode
Therefore it is crucial when quoting selectivity coefficient values that the composition 
o f the membrane, the conditions under which the measurements were made and the 
methods used m the calculations are stated A number o f methods have been outlined
for obtaining estimates o f kjj01, with the most frequently used methods being the
separate and mixed solution methods which have been described in full by Moody 
and Thomas [5]
4  1 8  1 S e p a r a t e  S o l u t i o n  M e t h o d
A calibration curve is obtained for the primary ion (1) over the concentration range 
usually from 10'1 to 10'5 M A similar curve is prepared for the interfering ion (j),
(see Figure 4 3) The selectivity coefficient can then be calculated by either o f two 
methods (a) equal activities or (b) equal potentials
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The electrode potential, Ei, to the primary cation (1) only , is given by the Nemst 
equation
E1= E ° + S l o g a 1 Eq. 4.2
(a) Equal Activities
where S = 2 303 RT/Z.F
The electrode response to a mixture o f cations is given by the Nikolskii equation 
(Eq.4.25) above If the electrode is placed in a solution containing the interfering 
cation (j) only then can the potential (E2) to cation (j) be obtained from eq. 4.25 by 
letting ax = 0, and
E2 = E ° +S log k^aj Eq. 4.26
When at = aj and provided the valency of the cations is the same i e z, = Zj then 
k j -  can be calculated from
, , pot (^ 2  E j)
g  y =  — s —  Eq‘ 4,27
when the potentials Ej and E2 have been measured Since the selectivity coefficients 
are activity dependent, for comparison purposes the chosen activity should always be 
reported (usually 10"2 or 10_1M)
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(b) Equal Potentials
Alternatively a method o f equal potentials may be used When E] = E2; eq. 4.2 and 
eq. 4.26 may be combined to give
uPOt _  aj_
Kij ”  „ Eq. 4.28
a J
The activities a! and aj can be read from the calibration curve (Figure 4 3), where the 
potentials Ej and E2 are equal If the primary and interfering 10ns have different 
charges, the equation may be modified to
k pot =  a ‘
y zi/zj Eq. 4.29
a j
4  1 8  2  M i x e d  S o l u t i o n  M e t h o d
Here the calibration curve is recorded in the presence o f a fixed level o f interfering 
ion (e g aj = 0 01 M) throughout the calibration range of the primary ion As the 
activity o f  the primary cation falls, the interfering ion j exerts its influence until 
complete interference sets in, and is seen as a horizontal plateau at which the 
potential is constant (Figure 4 4) The two linear portions are extrapolated to 
calculate the activity o f the primary ion aj at the intercept and the selectivity 
coefficient is calculated from eq.4.29 where aj is the constant background 
interference activity If drift o f the potential is observed m the plateau region when 
ion (j) provides high interference, then the value o f ax can be taken at the point where 
the two curves differ by 18 mV In the case where Zj = 2 1 e divalent ion selectivity a 
value o f 8 9 mV should be used
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tog oct i vi ty
Figure 4.3: Estimation of the selectivity coefficient k ^ 01 using separate solution
method (A) Response to primary ,011 (i) only, (B) response to interfering ion (j) 
only [3]
Figure 4.4: Estimation of selectivity coefficient (k,f°l)tts„ig the mixed so/M,on 
method [3]
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4.1.9 Sodium ISEs based on calixarenes
The analysis o f sodium using PVC electrodes based on neutral earners has received 
much attention in the last ten years, especially in the area o f clinical chemistry Apart 
from the very important clinical analysis o f blood electrolytes and unne for sodium 
there are many other applications where sodium ion-selective electrodes are used in 
chemical analysis The amount o f sodium in vanous water sources such as potable 
water, nvers, effluents and boiler feeds may be monitored for reasons o f health, 
safety and efficiency The sodium content o f some food stuffs, beverages and 
agncultural products may also be o f interest and can be conveniently measured using 
ion-selective electrodes
Complexation studies in solution (by phase transfer expenments, membrane transport 
and stability constant measurements) show that fiinctionalised calix[4]arenes have a 
general selectivity for sodium ions
The first calixarene-based ISE was reported by Diamond in 1986 [8] The sodium 
ISEs reported employed p-fert-butylated calix[4]arene methyl and ethyl esters as 
neutral carriers The ISEs exhibited selectivity over a range o f alkali metal cations 
such as potassium, lithium and caesium and gave Nemstian response slopes A 
second publication early in 1987 by Diamond and Svehla [9] again highlighted the 
excellent selectivity o f the tetramethyl calix[4]arene tetraacetate for sodium against 
potassium and a range o f other mterferents which can affect the measurement of 
sodium m blood Detailed studies on the properties o f PVC membrane ISEs based 
on the same compounds confirmed their usefulness as sodium sensors [10]
Kimura et al reported on other related calix[4]arenes (amide functionalised) as 
sodium sensors [11], and the effect o f varying substituent groups on the esters was 
examined by Cadogan and coworkers [12] More recently, Cunningham reported the 
/?-/-butylcalix[4]arene methoxymethyl ester as producing the most selective sodium 
electrode so far [13]
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Of the thirty three calix[4]arenes that have been studied in ISEs, twenty five are 
either symmetrical calixarenes containing 4 pendant ester groups or mixed 
functionality calixarenes containing at least one ester group Such functionality has 
been shown to give the best selectivity for sodium ions
Mini sodium ISEs incorporating the cahx[4]arene methyl ester have been employed 
for dip measurements o f sodium in blood plasma [14,15] The results were compared 
to a SMAC-Techmon Analyser and good correlation was found but a systematic 
error was apparent due to the calibration methodology used in the study
Other ligands were assessed for use in sodium-selective electrodes, including the 
methyl, butyl and adamantyl ketone tetramers o f p-f-butylcahx[4]arene However 
only the methyl ketone derivative produced satisfactory PVC membrane electrodes 
[12] These were subsequently applied to the analysis o f sodium in plasma samples 
[16] However as before a bias in the results was apparent
Obviously, when trying to establish a new analytical device, any bias in results is 
unacceptable One way to reduce the effect o f drift and error in the results would be 
to use flow-injection analysis (FIA) PVC membranes incorporating the 
methylketone and methyl ester derivatives were assessed in an FIA system for blood 
sodium analysis and the results demonstrated that the bias described above could be 
greatly reduced [17] The methyl ester tetramer was used in an ISE array both in 
conventional dip-type experiments [18] and in a FIA system [19,20] Using 
sophisticated calibration and sensor modelling techniques, it was demonstrated that 
the methylester tetramer could be applied to the analysis o f sodium in blood with 
excellent results Calixarene-based ISEs have also been incorporated into arrays for 
batch injection analysis [21]
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4 1 10 Aim of the project
In this chapter we describe the characteristics o f sodium ion selective electrodes 
(ISEs) in which the lonophore is either a tnmethylester or tnethylester monoacid 
derivative of /?-tert-butylcalix[4]arene (Figure 4 5) Previously it was demonstrated 
that methyl and ethyl tetraester derivatives o f p-tert-butylcalix[4]arene [22], e g  4 (i) 
and 4 (ii), and hexaester derivatives o f p-tert-butylcalix[6]arene [23], were efficient 
and selective lonophores for Na+ and Cs+ selective electrodes, respectively
In contrast to this work, carboxylated PVC has been used previously m ion-selective 
devices Pungor et al reported on the response o f potassium membrane electrodes 
containing valinomycm prepared with carboxylated PVC [24] From impedance and 
selectivity studies o f such membranes, this group concluded that the carboxyl sites 
are not ionised withm the potassium selective membrane phase Further evidence of 
the notion that the carboxyl groups are fully protonated within the neutral-camer 
based ISE membranes was provided by Meyerhoff and coworkers [25] by using pH 
response studies and IR spectra o f the membranes More recently, the behaviour o f  
cation-selective solvent polymeric membranes based on acidic lonophores, such as 
monensm (contains a carboxyl group), was mvestigated by Schaller [26] Previous 
work by the same group had demonstrated the beneficial influence o f ionic sites on 
the potentiometnc properties o f ISEs and were able to show that there is no 
fundamental difference between charged and neutral earners with respect to 
selectivities o f ISEs if appropnate ionic additives are used [27] Since charged and 
neutral lonophores need lipophilic sites o f opposite charge for optimum performance, 
it is possible to discnminate between neutral and charged earner-related systems as 
shown recently for amon-selective electrodes based on metalloporphynns [28] 
Therefore, Schaller [26] used this pnnciple to investigate monensm On addition o f a 
small amount o f cationic additive relative to monensm gives a negative slope for the 
emf response The anionic additive, on the other hand improves the slope and the 
selectivity, as it should be for neutral ligands Moreover, they also reported that the 
neutral lonophore monensm methyl ester has selectivities similar to its carboxyl 
analog, showing that no negatively charged COO' groups take part in the
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complexation process However, we will see from our results that the monoacid 
calixarenes used in this study are lomsable carboxylic acid derivatives
*H NMR data indicate that monoacid 4 (iv) in solution possesses a pinched cone 
conformation which is more distorted than the cone conformation of esters 4 (i) and 
4 (ii) [22] This distortion could facilitate intramolecular hydrogen bonding between 
the carboxylic acid group and the oxygen atom of a nearby ether or ester function 
X-Ray analysis o f 4 (iv) [22] confirmed the presence o f a distorted cone 
conformation and an intramolecular hydrogen bond Figure 4 6 and Figure 4 7 shows 
the 3-d energy minimised structure o f 4 (iv) and 4 (ii) respectively The distances 
measured are very similar for both compounds The structural and conformational 
similarities between monoacid 4 (iv) and tetraesters 4 (i) and 4 (ii) suggested that the 
former should function as a sodium-selective complexing agent in much the same way 
as the latter This was in fact found to be the case from stability constant 
measurements in methanol [29] which revealed somewhat stronger binding for 4 (iv) 
relative to 4 (ii) for all alkali cations with, however, a lower selectivity for Na+ with 
respect to K+ (6 3 for 4 (iv) versus 400 for 4 (ii)) In contrast, the monoacid was 
apparently ineffective, compared with 4 (i) or 4 (ii) in extracting alkali picrates from 
aqueous solution into dichloromethane [30] This behaviour in 
complexation/extraction prompted us to compare the performance o f ion-selective 
electrodes based on monoacid tnester 4 (iii) and 4 (iv) with the earlier electrodes 
based on tetraesters 4 (i) and 4 (ii) The relatively easy conversion o f the methyl and 
ethyl tetraesters to their equivalent monoacid tnesters [22], and the evidence o f poor 
ion extraction by the monoacids from the picrate studies were not in accordance with 
our observation o f very long lifetimes for ion-selective electrodes based on the 
tetraesters 4 (i) and 4 (ii), in some cases o f over a year [31]
The results obtained with monoacid 4 (iii) and 4 (iv), the preparation and 
conformational properties o f which are described in detail elsewhere [22], expand the 
range o f calixarenes suitable for use as lonophores in ISEs to include lomsable 
carboxylic acid derivatives These results also help to explain the extended lifetimes 
observed with ISEs based on tetraesters 4 (i) and 4 (ii)
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C(CH3)3
o c h 9cr¿It
II
0
4(1) R1 = OMe R2 = OMe
4(H) h o m r-+ R2 = OEt
4 (iii) R1 = OH R2 -  OMe
4 (iv) R1 = OH R2 = OEt
4 (v) R1 = Me R2 = Me
9(CH3)3
Figure 4.5: Structures of the calixarene compounds
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Figure 4.6: Energy minimised structure o f  the triethyl ester monoacid 4 (iv) obtained 
using Hyperchem v.4.0 using MAT, showing side and top view.
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Figure 4.7: Energy minimised structure o f  the tetraethyl ester calix[4] arene 4 (ii) 
obtained using Hyperchem v. 4.0 using M M'.
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4.2 Experimental
4 2.1 Materials
Ionophores 4 (i) and 4 (ii) were prepared by the literature method [32] and 
lonophores 4 (iii) and 4 (iv) as described by Barrett et al [22] All alkali and alkaline 
earth chlorides were o f AR grade, obtained from Aldrich or Riedal-de Haen 
Membrane plasticiser, o-mtrophenyl octyl ether (o-NPOE), lon-exchanger potassium 
tetrads p-chlorophenyl borate (KTpClPB), Poly(vinylchlonde) (PVC) and 
selectophore grade tetrahydrofuran (THF) were obtained from Fluka Deionized 
Milli Q grade water was used throughout
4.2.2 Equipment
ISE mV measurements were made relative to a Metrohm capillary tip SCE or an 
Amagruss Refex reference electrode (Castlebar Industrial Estate, Co Mayo, Ireland) 
using a Hewlett Packard |iV meter in high input impedance mode (Model 34401 A) 
The same meter was used along with a flat surface pH glass electrode (No E8087 
EDT Instruments Ltd , Dover, UK) for monitoring the release o f  release o f  hydrogen 
ions from PVC-doped membranes Conventional pH measurements were made using 
a Jenway 3040 Ion Analyser (Jenway Ltd, Essex, UK) and an Onon 9156SC 
combination glass electrode
The ISE-EMF measurements were earned out on cells o f the type 
Hg,Hg2Cl2 /  KCl(satd) / sample / PVC membrane / 0 1M NaCl / AgCl/Ag
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Selectivity coefficients were calculated by the separate solution (SS) method in 0.1M  
solutions o f  the interfering ions. The divalent selectivities were confirmed by the 
mixed solution (MS) method using 10 M fixed interfering ion concentration [3], 
Electrode slopes were determined in sodium chloride solutions (10‘4 M to 10 M; 
n=5). Sodium activity coefficients were calculated as described in section 4.1.3. All 
electrochemical measurements were made at 20±0.5 °C
4.2.3 Electrode fabrication
PVC membrane bench electrodes were prepared as described elsewhere [33], The 
PVC cocktail composition was as follows; ligand 2.0 mg; exchanger 0.5 mg; 
plasticiser 200 mg; PVC 100 mg. The whole cocktail was dissolved with THF and 
stirred in a sealed container for at least one hour to ensure a homogeneous mixture. 
The PVC membrane solution was then poured into a glass mould and covered to 
prevent contamination. Gradual evaporation at room temperature gave a transparent 
flexible PVC membrane. Discs were cut with a cork borer from master membranes 
and were securely fastened at the tip the electrode. The internal electrolyte was 0.1 
M NaCl. Chloridised silver wires (Sentek, Ltd. Essex, UK) were used as internal 
reference electrodes. Fabricated electrodes were conditioned for at least 3 hours 
prior to use in 0.1 M NaCl and stored in 0 .1M NaCl between experiments.
4.2.4 Injection experiments
Dynamic responses were estimated by injecting 0.225 mL o f a 1M solution o f  alkali 
metal and alkaline earth ions (Li+, Na+, K+, Cs+, Rb+, H , NH44) into a stirred 25 mL 
aliquot o f  a lxlO'3 M NaCl. Transient changes in potential were recorded using a 
virtual instrument designed with Lab View 3.0 and MIO-16 I/O card (National 
Instruments, Austin, Texas) fitted in a 486-PC. The concentration change in the case
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of a sodium injection involves a step change of approximately one order of 
magnitude These injections are designed to generate an approximate ten-fold excess 
of the injected ion over the original Na+ concentration (10'3 to 9 91xl0'3 M)
4.2 5 Membrane dilution experiments
The PVC membrane was prepared so that the concentration o f ligand 4 (iii) was 
equal to 1 05x1 O'3 M The membrane was then dissolved in THF and an equal 
volume o f plasticiser so that the ligand concentration was halved This dilution was 
repeated five times up to 1 59xl0'5 M ligand At each dilution step the slope, d c 
resistance and selectivity (separate solution method) o f electrodes based on the 
membrane were measured
4.2 6 pH Stability of the ISEs
Combination glass pH electrode (connected to the pH meter), and reference electrode 
(calomel) and four PVC membrane ISEs based on each ligand were immersed in 10'3 
M NaCl solution A few drops o f lithium hydroxide solution (ca 1M) was added to 
adjust the solution to pH >10 according to the glass electrode (previously calibrated 
in pH 4 and pH 10 buffer solutions) The potential o f each ISE was measured in 
sequence against the calomel electrode after allowing 2 minutes for the potentials to 
stabilise HC1 (1M) was then added drop-wise to vary the pH In this way it was 
possible to monitor simultaneously changes in the solution pH, and any 
corresponding shift in the PVC membrane potential o f the four electrodes in the same 
solution This experiment was also earned out at 10'4, 10'2 and 10'1 M NaCl so that 
the effect o f pH on electrode slopes could be investigated
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4.2.7 Monitoring proton exchange above PVC membranes
PVC membranes based on ligands 4 (ii) and 4 (iv) were made up with the same 
components and proportions as for the electrodes and were cast in the bottom of a 50 
mL beaker using a total mass o f components o f approximately 1 5 g The membranes 
obtained were clear and ca 0 5 mm thick 20 mL o f 0 1 M LiCl was added to the 
beaker and the flat-surfaced pH glass combination electrode was positioned about 1 
mm above the membrane 0 1 mL o f 1 M NaCl was injected into the LiCl solution 
usmg a micropipette at a position well removed from the glass electrode, and the 
electrode output monitored for 8 5 minutes Between expenments, the membranes 
were soaked for 30 minutes with milli-q water, with the water being renewed every 
10 minutes, in order to ensure that any sodium taken up during the experiment was 
removed before commencing the next experiment
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4.3 Results and Discussion
4.3 1 General Characteristics
Electrodes made from the four ligands showed slopes m excess o f 50 mV/decade 
The slopes and selectivity data are given in Table 4-1 Selectivity coefficients were 
estimated against a range of common interferents by the mixed solution method 
(divalent interferents) and the separate solution methods (monovalent interferents) 
While data obtamed by these methods are, in general, not representative o f the 
performance o f an electrode in real analytical situations, they do give a general idea 
of the selectivity o f the electrodes From Table 4-1 it would appear that m 
unbuffered solutions,
• all four electrodes are selective for sodium against all ions investigated
•  there is virtually no difference in the selectivity o f  ligand 4 (i) compared to ligand 
4 (iii), and o f ligand 4 (ii) compared to ligand 4 (iv), and,
•  ligands 4 (i) and 4 (iii) are more selective than ligands 4 (ii) and 4 (iv) towards 
divalent interferents such as Mg2+ and Ca2+, but the selectivity against monovalent 
interferents is broadly similar for all four ligands These results are in agreement 
with previous studies involving the tetraesters which showed the tetramethyl ester 
4 (i) to be superior to the tetraethyl ester 4 (ii) in terms o f selectivity [10,12]
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Ligand 4 0) 4 (ii) 4 (Hi) 4(lv )
Slope/mV dec'1 54 4 54 3 54 8 54 1
ion (j) log k,Jpot
jC -2 7 -2 0 -2 6 -2 2
Cs+ -2 5 -2 1 -2 2 -2 0
1a -2 9 -2 5 -3 2 -3 0
Ca" -3 5 -2 6 -3 3 -2 4
Mgi+ -3 7 -2 9 -3 6 -3 1
H+ -2 0 -2 2 -2 3 -1 5
n h 4+ -3 5 -2 7 -3 3 -3 1
Table 4-1: Selectivity coefficients in unbuffered solutions ofPVC membrane 
electrodes incorporating ligands 4 (i)-4(iv) Selectivity coefficients were estimated 
by the separate solution method at 1 O'1 M  concentrations of primary and interfering 
ions, divalent selectivities by the mixed solution method (constant 1 O'1M  interfering 
ion)
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Figure 4 8 compares the linear response and limits o f detection o f electrodes based on 
the tetramethyl ester 4 (i), the tnmethyl ester monoacid 4 (iii) and the tetramethyl 
ketone 4 (v) in unbuffered NaCl solutions This shows that the tetramethyl ester 
produces the best electrode but the differences between the electrodes is very slight, 
and only apparent at low sodium concentrations (10"4M and below, approximately) 
From this study it is clear that all three ligands produce electrodes with virtually the 
same slopes and linear range Electrodes based on all five ligands have limits of 
detection between 10'5M and lO^M NaCl, while the slopes vary between 53 and 59 
mV/ pNa depending on the batch, age, and experimental method, which is typical for 
PVC membrane ISEs o f this type
The dynamic response o f the tnethyl ester monoacid 4 (iv) is shown m Figure 4 9 
There is a sharp response (»54 mV) to the injection o f an approximate 10-fold 
increase m concentration (10'3-9 91xl0'3 M) This is in agreement with the 
theoretical value o f 56 2 mV for this change in sodium concentration at 20°C The 
injection o f LiCl resulted m a decrease of potential to ca -5 mV This is due to a 
combination o f a decrease in the sodium activity coefficient arising from increased 
ionic strength on injection o f the LiCl and dilution effects The same lack of response 
was obtained for the other interfering cations (Table 4-2) confirming the excellent 
selectivity o f the monoacid 4 (iv) for sodium
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Figure 4.8: A comparison of the linear response and limits of detection of 
electrodes based on the tetramethyl ester 4 (i), the trimethyl ester monoacid 4 (in) 
and the tetramethyl ketone 4 (v) in unbuffered NaCl solutions
199
Figure 4.9: Dynamic response of the triethyl ester monoacid 4 (iv) to injections of 
0 225 mL of a 1M solution of alkali metal ions (Na+ and Li+ shown here) into a 
stirred 25 mL aliquot of 1 x 1 O’4M  NaCl which in the case of Na+ is a ten-fold 
increase in concentration Transient changes in potential were recorded using a 
virtual instrument designed with LabView 3 0
mV Response of the Ligands
Injected ion 4 (i) 4(H) 4 (Hi) 4 (iv)
Na+ 54 55 54 54
K+ -5 0 -4 0 -2 5 -8 0
Li+ -7 0 -5 0 -4 0 -6 0
n h 4+ -10 0 -6 0 -5 0 -10 0
Rb+ -6 0 -5 0 -4 0 -10 0
Table 4-2: mV response of the Ligands to injections o f0 225 mL of a 1M solution 
of alkali metal ions into a stirred 25 mL aliquot of a 1 x 10'4 M  NaCl Transient 
changes in potential were recorded using a virtual instrument designed with 
LabView 3 0
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4 3 2 Stability
A vital characteristic in any sensor is its stability with respect to time Figure 4 10 
compares the stability m electrode slope over a period o f 35 days for ISEs based on 
ligands 4 (i)-4(iv) This shows the monoacid compounds to be as stable as both the 
tetramethylester and the tetraethyl ester monoacid In previous studies, our group 
have attempted to predict the effective lifetime o f electrodes based on the tetraesters 
by means o f ligand dilution experiments [31] which involve measuring the membrane 
resistance as the electrode ages, and relating these resistances to those o f membranes 
with differing ligand concentrations The effect o f diluting the concentration o f  
ligand 4 (iii) (tnmethylester monoacid) in a PVC membrane on the membrane 
resistance, the electrode slope and the electrode selectivity is illustrated in Figure 
4 11 These results show that for the first two dilution steps (ligand concentration 
decreased from 1 05x10'3M to 2 SSxlO^M), there is little change in the membrane 
properties except for a decrease in slope to around 50 mV/pNa A further reduction 
m ligand concentration to just above lO^M causes a noticeable increase in membrane 
resistance, but the selectivity and slope are still relatively unchanged This suggests 
that while the ion flux at the membrane sample boundary is reduced somewhat due to 
the lower concentration o f earners, essentially the conditions for ligand-controlled 
permselectivity still hold However, as the concentration o f earners decreases below 
10*4 M, the membrane resistance increases sharply, and the electrode slope and 
selectivity collapses (see Figure 4 11) It therefore follows that electrodes with 
resistances below the cntical resistance should perform satisfactory, in contrast with 
those with resistances above it This provides a simple diagnostic test for satisfactory 
electrode performance, and an approximate indicator o f useful device lifetime, 
assuming that the rate o f increase in electrode resistance remains constant
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/Figure 4.10 Lifetime studies of the PVC membrane electrodes incorporating 
ligands 4 (i)-4 (iv) Slopes obtained over the range 1 x 10'‘M  to 1 x 10'4M  NaCl 
solutions Units are given in mVper decade change in sodium concentration
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-2 5 -3 -3 5 -4 -4 5 -5
log [ligand]
(b)
Figure 4.11: (a) Variation of electrode slope and electrode DC resistance on 
dilution of ligand 4 (iii) concentration (b) Effects of electrode selectivity on 
dilution of membrane components
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In comparison to the tetramethyl ester [31] the resistance o f this membrane (tnmethyl 
ester ) is lower by two orders o f magnitude This is probably due to a different 
interfacial exchange mechanism or charge transport through the bulk o f the 
membrane involving proton transport The critical concentration of ligand in this 
research appears to be around 10"4 M, which is in agreement with previous studies, 
[31,34] The concentration o f the earner in the membrane is important in order that 
there is adequate trans-membrane ionic transport system Membranes based on PVC 
are permselective to cations even without added ionic sites It is now well 
documented that anionic impunties onginating from the PVC manufactunng process 
are responsible for permselectivity [35] The concentration of these ionic impunties 
must not be in excess as compared with the ligand [36] if the ligand charactenstics 
are to predominate Since the concentration o f anionic impunties in commercially 
available PVC was obtained as 6 3xlO'sM [37], Figure 4 11a shows the breakdown in 
the expected range o f earner concentration (1CT4 to 10‘5 M) Therefore if the 
concentration o f the earner approaches or falls below the concentration o f the 
impunties present there is a breakdown in electrode slope and selectivity (Figure 
4 11)
Given the low rate o f leaching o f these earners into aqueous samples as evidenced by 
the extended lifetimes o f the tetraester based electrodes [31], similarly extended 
lifetimes for the monoacid based electrodes can be predicted, longer than 35 days as 
demonstrated m this study (Figure 4 10) The main degradation o f the tetraester is to 
the monoacid and at that stage the hydrolysis stops unless extremes o f pH are 
applied The monoacid denvatives have the same properties as the tetraesters and 
this is the reason for the long sensor lifetime for these devices
4.3.3 pH Stability
All measurements presented above were made in unbuffered salt solutions (pH 5-6 
typically) However, given the acidic nature o f the monoacid denvatives o f the
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tetraesters, it is important to compare the pH stability o f these lonophores The pKa 
o f the tnethylester monoacid has been reported as 10 25 in methanol [38], and the 
tnmethylester monoacid can be expected to be very similar However, the acidity o f  
these groups at an aquo-boundary can be expected to be enhanced, with the effective 
pKa being reduced by perhaps around 2 units [39] due to the better protolytic 
environment offered by the aqueous environment Hence the performance o f  
electrodes based on the monoacids may change from that o f the uncharged neutral 
earner form (which is very close to the corresponding tetraester in structure and 
properties as demonstrated in the results presented above) to that o f the deprotonated 
carboxylate anion In the deprotonated form, a negative charge becomes delocalised 
on the acid group and can be expected to affect the metal complexation behaviour o f  
the ligand Hence at the aquo-membrane boundary region under increasingly basic 
conditions the monoacid will tend to be in equilibnum with its deprotonated form
The results o f the pH stability experiments are presented in Figure 4 12 and Figure 
4 13 The main features can be summansed as follows,
The methyl 4 (i) and ethyl 4 (ii) tetraester based electrodes show excellent stability 
over the pH range mvestigated (Figure 4 12) In contrast, the monoacid denvatives 
show peak performance at neutral pH Above this they show a positive shift in 
potential, beginning at pH 8 The effect o f this increase is more pronounced for the 
tnmethyl ester monoacid 4 (iii) Above pH 10 the increase in potential is not as 
dramatic
The effect o f pH on electrode slope is presented in Figure 4 13 These data suggest 
that the tetraethyl ester 4 (ii) based electrode is slightly better than the tetramethyl 
ester based electrode 4 0), at least at neutral and alkaline pH However, the 
differences between these electrodes are marginal, and may be largely accounted for 
by the individuality o f each electrode ansing from the manual method o f construction
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pH
Figure 4.12: pH stability of the ISEs measured by monitoring simultaneously 
changes in the solution pH and any corresponding shift in the PVC membrane 
potential
Figure 4.13: Effect of pH on electrode slope Slopes obtained over the range 1 x Iff 
!M  to 1 x 10'4M  NaCl solutions
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With respect to the monoacid derivatives, the slope and linearity are similar at acid 
and neutral pH to the tetraesters, but diverges strikingly at alkaline pH With 
monoacid based electrodes, raising the pH above 8 leads to a rapid decrease in 
electrode slope (see Figure 4 13) Of the two, the tnethyl ester monoacid 4 (iv) is 
more resistant to pH effects, but even so its slope drops below 40 mV/pNa+ by pH 
10 31 The tnmethyl ester monoacid shows an even more drastic pH dependence, 
beginning around pH 6 where the slope begins to decrease and becoming more 
apparent above pH 8 where the slope is reduced to 10 mV/pNa+ by pH 10 31
From these results, we can broadly classify the effect o f pH on the sodium uptake by 
membranes based on the monoacid ligands as follows,
•  at acidic and neutral pH, the sodium response o f the monoacid-based electrodes is 
broadly similar to that o f the tetraester based electrodes This suggests that the 
monoacid ligands are behaving primarily as neutral earners (i e the complexes are 
deprotonated)
• on moving to neutral and alkaline pH, complexation is increasingly accompanied 
by deprotonation Complexation with sodium ions will increase the acidity o f the 
carboxylate group and hence render the proton more labile Evidence in favour of 
this is provided by the pH response m Figure 4 14 on addition of sodium ions
At more extreme alkaline pH, the monoacid ligands are probably already 
deprotonated at the aquo-membrane boundary pnor to complexation with sodium 
ions leading to a loss m the proton exchange compensation mechanism (see below) 
and consequent reduction of potentiometnc response It is now clear why the picrate 
extraction technique does not reveal the lon-sequestenng ability o f monoacids such as 
4 (iii) and 4 (iv) The problem anses from the conditions and design o f picrate 
extraction expenments which are indirect measurements based on spectrophotomenc 
detection o f the coloured picrate anion in the dichloromethane phase containing the 
lonophore after shaking with an alkaline aqueous phase containing metal picrate 
The method assumes that extraction o f the metal ion from the aqueous phase is 
accompanied by transfer o f the coloured picrate ion to maintain charge neutrality
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This is undoubtedly true in many cases, providing a very convenient method for 
screening lonophores which may complex colourless cations However, under the 
alkaline conditions usually employed in this test (pH 13), the trends in our results 
shown m Figure 4 13 show that sodium uptake is almost certainly completely 
suppressed In addition, an alternative mechanism which involves the release of 
protons from the dichloromethane phase on complexation will maintain charge 
neutrality In this case, picrate ion will not be detected in the organic phase even 
though complexation o f the target cation is occurring In contrast to the picrate 
extraction data, our results with monoacid tnester electrodes establish that this 
lonophore is capable o f  complexmg sodium ions This suggests that a mechanism 
similar to that just described is occurring, the essential feature being the concomitant 
release o f a proton from the carboxylic acid moiety o f 4 (iv) in the complexation 
process Hence in the picrate studies, the ion pair transferred into the 
dichloromethane phase is the metal complex of the carboxylate anion of 4 (iv) and 
not the complexed metal picrate
In order to mvestigate this possibility further, an experiment was designed to monitor 
the pH m the vicinity o f PVC membranes containing the ligands cast on the bottom of  
a 50 mL beaker after injection o f NaCl The results are summarised in Figure 4 14 
These clearly show that m the case o f the tnethylester monoacid-doped PVC, 
injection o f NaCl into a LiCl solution above the membrane resulted in a release of 
protons from the membrane, which is strong evidence for the proton exchange 
mechanism presented above In contrast, with the tetraethyl ester, virtually no 
change m the pH electrode signal occurred on injection of the NaCl solution The 
mechanism o f proton release on complexation with a cation is also employed in 
chromoionophore studies using chromogemc calixarenes [40] as discussed in Chapter 
3 In this case a mtrophenylazophenol cahx[4]arene in the presence o f a base 
(tndodecylamine) exhibits a decreases m absorbance at 380 nm and a corresponding 
increase in absorbance at 520 nm on addition o f lithium ions No colour change is 
observed in the absence o f base This colour change arises from acidity o f the 
mtrophenylazophenol group upon metal ion complexation which facilitates the 
removal o f the phenolic proton by the base We believe that a similar mechanism is
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facilitating the removal o f the proton from the carboxylic acid groups o f the 
monoacid calixarenes in this investigation
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Figure 4.14: Effect of sodium exchange on pH glass electrode potential for 
membranes based on the triethyl ester monoacid 4 (iv) and tetraethyl ester 4 (ii). 
Data plotted as mean of 5 runs (ligand 4 (ii)) and 8 runs (ligand 4 (iv)) with 
standard deviations as error bars
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4.4 Conclusions
The results obtained expand the range o f calixarene derivatives suitable for use as 
lonophores in ion-selective electrodes They also explain the extended lifetimes 
obtained with sodium-selective electrodes based on calixarene tetraesters, despite the 
relative ease o f hydrolysis o f  these ligands to their monoacid derivatives, as 
electrodes based on the hydrolysed products 4 (iii) and 4 (iv) are shown to have 
excellent sodium response characteristics in their own right at neutral and acidic pH 
values The proton mechanism proposed for complexation o f metal ions by the 
monoacid derivatives also explain why ion transport studies based on the 
conventional picrate extraction method fail to give evidence o f ion complexation by 
these ligands
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Inter- and intra-group separations of lanthanides and actinides are among the most 
difficult of all metal-ion separations and are important processes in strategies for 
management and storage of high-level radioactive waste and clean-up of 
decommissioned nuclear facilities [1] Environmental concerns demand that such 
processes be conducted with stringent attention to safety
Of particular importance m separation processes are liquid-liquid extraction and lon- 
exchange, both of which involve, in their simplest forms, the transfer of a charged 
metal ion, or a complex, from a polar aqueous phase (usually highly acidic in nuclear 
waste) to another immiscible phase with concomitant charge neutralisation Of the 
various extractants used in actinide process chemistry, neutral organophosphorous 
compounds are among the most useful [1] The PUREX process for 
plutomum/uramum separation, for example, is based on the extracting ability of 
tnbutylphosphate [2] Efforts to improve the performance of simple monofunctional 
organophosphorous extractants led to the development of a group of bifunctional 
analogues which include carbamoylmethylphosphonates [(RO)2PO(CO)NR’2] 
(CMPs) and carbamoylmethylphosphine oxides [R2POCH2(CO)NR’2] (CMPOs) [3]
In this chapter, an introduction will be given into the complexation of lanthanide ions 
by calixarenes and this is followed by the experimental procedure and results of 
potentiometnc measurements earned out on PVC membrane electrodes incorporating 
phosphine oxide denvatives of calixarenes
5 . 7  I n t r o d u c t i o n
2 1 6
5.1.1 Lanthanide ions and calixarenes
Calixarenes are an exceptionally interesting group of molecules for investigation as 
lanthanide ion-binding reagents [4] As cyclic phenolic oligomers, they constitute 
macrocyclic, multidentate ligands which are readily obtained in ring sizes varying 
greatly with respect to lanthanide ion radii, and which can be chemically modified at 
the phenolic oxygen, the aromatic ring and the methylene bridges These molecules 
can also readily adopt conformations in which all donor atoms can be directed 
towards a common pomt However, unlike alkali and alkaline-earth complexation, 
high selectivity among lanthanide cations is difficult to achieve
Harrowfield et al confirmed, for the first time, the ability of the parent phenolic 
calixarene p-t-butylcalix[8]arene to complex lanthanide ions [5] The study was 
earned out in N,N-dimethylformamide by UV-Vis absorption spectrometry after 
deprotonation of the ligands using EtsN in excess and it showed the simultaneous 
formation of a binuclear and a mononuclear complex of europium This was 
confirmed by X-ray crystallography Sulphonation of the para position of the 
phenolic calixarenes leads to water soluble compounds The bmding properties of 
such a tetramer were studied with all the lanthanides [6]
The introduction of functional groups such as esters or amides have led to better 
complexmg agents for lanthanides A 1 1 complex of the /?-t-butylcalix[4]arene 
tetradiethylamide has been prepared with EuCl3 [7] The complex is water-soluble, in 
contrast to the ligand which is spanngly soluble in methanol The ability of p-1- 
butylcalix[4]arene tetracarboxylic acid to bind lanthanides has also been established 
by extraction expenments, from water to toluene or chloroform [8] The extraction 
constants of the 1 2 metal ligand complexes for the water-toluene system follow the 
order Eu > Nd > Yb > Er > La
As a contnbution to an EC programme on storage and management of nuclear waste, 
a number of research groups have been involved in the synthesis of novel calixarenes 
and have examined their ability to extract selected lanthanides and actinides
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As discussed above CMPOs are commonly used' as effective extractants for 
lanthanides and actinides [3,9] This prompted Bohmer and coworkers [10] to 
introduce CMPO analogous structural elements into calixarenes and to study the 
extraction behaviour of these compounds in comparison to the usual CMPO (Figure 
5 1) All the calix[4]arene derivatives were found to be much better extractants for 
lanthanides and actinides than CMPO Extraction of Th (IV) and Eu (III) nitrates 
from 1M aq nitric acid to dichloromethane were studied With equimolar 
concentrations of metal and ligand (10‘4 M) the extraction level of thorium is higher 
than 50% and shows no significant dependence on the length of the alkoxy chain 
(Cio-Cig) These CMPO-type calixarenes were able to extract more than 60% of 
neptunium and 95% of plutonium and americium, even when applied in 
concentrations as low as 0 001 M
Calixarene tetrahydroxamate were also synthesised as part of the programme to 
develop cost effective and efficient chelators for the specific removal of actinides
[11] This chelator (Figure 5 2) was found to extract thorium (IV) into chloroform 
from aqueous solutions quite efficiently around pH of 2-3
McKervey et al have reported on the synthesis o f calixarene derivatives with 
phosphine oxide derivatives attached to the lower run [12] and the structures are 
shown in Figure 5 3 JH NMR analysis revealed that the p-tert-butyl tetramer 5 (iv) 
and its dealkylated counterpart 5 (vii) exist m stable cone conformations in solution 
The hexamers and octamers are conformationally mobile at ordinary temperatures as 
is the case with many larger calixarene derivatives The isolation of good quality 
crystals of the tetramer phosphine oxide 5 (iv) offered the opportunity to probe the 
solid-state structure by X-ray diffraction The molecule exists in a distorted cone 
conformation which is best described by the angles between the four aromatic rings 
and the mean plane of the macrocyclic ring methylene groups The methylene carbon 
atoms are themselves almost coplanar Two opposing aromatic rings are almost 
normal to one another (96°) while the other two opposing rings are almost parallel 
(2°)
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5(i) 5 (ii)
Figure 5.1: Structures o f the carbamoylmethylphosphineoxides (CMPOs) and < 
caltxarene substituted with phosphine oxide acetamide at the upper rim [10]
Bu
O
5 (iii)
Figure 5.2: Structure of the cahxarene tetrahydroxamate [11]
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nR n
5 (iv) Bul 4
5(v) Bu‘ 6
5 (vi) Bu‘ 8
5 (vii) H 4
5 (viii) H 6
5 (be) H 8
Figure 5.3: Structures o f the lower rim tetraphosphine oxides [12]
Bul
O
5(x)
Figure 5.4: Structure of the tetramethyl ester cahx[4]arene
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The confines of the lower hydrophilic cavity are defined by the positions of the four 
phenolic oxygen atoms and the four phosphine oxide residues, the distortion of the 
cone bemg highlighted by the distances, 3 50 Angstroms and 5 22 Angstroms 
between phenolic oxygen atoms across the cavity
The primary objective was to study the extraction of thorium and europium, the 
former as a model for tetravalent, and the later as a model for tnvalent actinides, and 
to apply the results to the extraction of simulated nuclear waste containing sodium 
nitrate and nitric acid Preliminary extractions of thorium (IV) picrate and europium
(III) picrate with the calixarene phosphine oxides from neutral aqueous solution into 
dichloromethane, demonstrated that all compounds were active phase-transfer agents 
under these conditions However, water at pH 7 provides a very inadequate 
simulation of the conditions for extracting lanthanides or actinides from strongly 
acidic nuclear waste Therefore it was decided to study the extraction of metal 
nitrates from 1 mol dm'3 nitric acid into dichloromethane All six of the calixarene 
derivatives were efficient extractants for thorium (TV) In general the absence of a p- 
t-butyl group significantly increases the extraction efficiency towards thorium 
Europium was found to be less extracted than thorium
In conjunction with this research earned out by McKervey, it was decided to 
investigate the selectivity of ion-selective polymenc membrane electrodes based on 
the calixarene phosphine oxide denvatives, 5(iv), 5 (v) and 5 (vii), for the detection 
and estimation of europium The selectivity and response of the electrode containing 
5 (iv) is compared with that of an electrode incorporating the tetramethyl ester 
calix[4]arene 5 (x). As far as we are aware, this is the first use of any type of 
phosphine oxide as a sensor in an ISE and the first report of an ISE for a lanthanide 
ion
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5 . 2  E x p e r i m e n t a l
5 2.1 Materials
All alkali chlorides were of analytical reagent grade obtained from Aldnch or Riedel- 
de Haen Membrane plasticiser, o-mtrophenyl octyl ether (o-NPOE), lon-exchanger 
potassium tetrakis(£>-chlorophenyl)borate (KTpClPB), poly(vinyl chlonde) (PVC) 
and selectophore tetrahydrofuran (THF) were obtained from Fluka De-iomsed Milli­
es grade water was used throughout
5.2.2 Equipment
ISE measurements (in millivolts) were made relative to a Metrohm capillary tip 
saturated calomel electrode (SCE) with a Hewlett Packard |iV meter in high 
impedance mode (Model 34401 A) Computer-based data acquisition was via an 
MIO-16 I/O card (National Instruments, Austin, Texas, USA) and virtual instrument 
software developed in-house using the LabView environment (v 3 0) For transient 
capture and FI A experiments, an acquisition rate of 2 Hz and PC platform of 486-33 
MHz was used
The ISE-EMF measurements were earned out on cells of the type
Hg, Hg2Cl2/ KC1 (satd)/ sample/ PVC membrane/ 0 1M EuCl / AgCl2/Ag
2 2 2
1PVC membrane electrodes were prepared by a standard procedure as described in 
Chapter 4 The PVC cocktail composition was as follows, ligand 2 0 mg, KTpClPB 
1 0 mg, o-NPOE 200 mg, PVC 100 mg Discs from the master membrane were 
securely attached to the tip of a home-made electrode body using a tight-fitting 
plastic ring and filled with 0 1 M EuC13 internal electrolyte Chlondised silver wires 
(Sentek Ltd, Essex, UK) were used for internal contact Fabricated electrodes were 
conditioned for at least 30 minutes prior to use and stored in 0 1M EuCh between 
experiments Disks cut from the same membrane were used in a flow-cell (FISE 101, 
EDT Instruments Ltd, Dover, Kent, UK) for FIA experiments
5  2 . 3  E l e c t r o d e  F a b r i c a t i o n
5.2.4 Injection Experiments
Dynamic responses were estimated by injecting 0 225 mL of 1M solutions of the 
metal ions (Eu3+, Li+, Na+, K+, N H /, La3+) into a stirred 25 mL aliquot of a lx l 0'3 M 
EuCb solution producing a ten-fold excess of the injected ion Transient changes in 
potential were recorded using a virtual instrument designed with Lab View 3 0 This 
experiment was repeated using a similar PVC membrane containing the tetra methyl 
ester calix[4]arene 5 (x) which is a known sodium selective ligand
5 2 5 Lifetime experiments
The lifetime of the electrode was studied by periodically re-calibrating the electrode 
in standard solutions and calculating the response slope over the range lO-4 M to 101 
MEuCl3
2 2 3
5  2  6  F I A  e x p e r i m e n t s
A calibration in the range 10'2 M to 10‘4 M was carried out using flow injection 
analysis The earner composition was 10’7 M EuCU in 10'1 M KC1, and the 
calibration standards were prepared so that the ionic strength was also equal to 1 0 1 
M using KC1 as the ionic strength adjuster Data capture and control of FIA system 
was effected via a LabView Virtual Instrument front panel [13] An injection volume 
of 150 (j.L with a flow rate of 1 mL/rmnute was used and all injections were earned 
out m tnplicate
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5 . 3  R e s u l t s  a n d  d i s c u s s i o n
5 3 1 Comparison of ligand 5(iv) and 5 (x)
5  3 1 1  General characteristics
The electrode based on ligand 5 (iv) showed a sub-Nemstian slope of 15 1 ± 0 8  
mV/decade (n=5) EUCI3 over the range studied A possible reason for this is the well 
known hydrolysis of the lanthanides which results in lower free-ion concentration 
This interpretation is supported by identical measurements in standards buffered at 
pH 3 2 with potassium hydrogen phthalate and HC1 to suppress the hydrolysis, which 
resulted in slopes of 18 2 ± 0 4 mV/decade (n=5) This compares very well with the 
theoretical slope of 19 7 mV/decade for a trivalent ion at 25°C
5 3 1 2  Selectivity coefficients
The selectivity coefficients for this electrode and for comparison, those of the 
tetramethyl ester calixarene 5 (x), are given in Table 5-1 The coefficients were 
obtained against a range of common interferents by the mixed solution method 
(divalent interferents) and the separate solution method (monovalent interferents) 
[14] While data obtained by these methods are, in general, not representative of the 
performance of an electrode in real analytical situations, they do give a general idea 
of the selectivity of the electrodes From Table 5-1 it would appear that the electrode 
shows good selectivity to all the interfering cations examined except Ca2+ where the
l o g k Eu,Capot= 1 2
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Ligand 5 (iv) 5 (x)
i iP ot log kg
Na+ - 2  0 0 0
K+ - 2  6 -2 7
N H / - 1  8 -3 5
Li+ - 1  0 -2 9
Ca2+ 1 2 -3 5
Mg2+ - 2  1 -3 7
E u 3+ 0 0 -3 7
La3+ - 1  8 -5 1
Table 5-1: Selectivity coefficients o f the PVC membrane electrode incorporating 
the tetra phosphine oxide (ligand 5 (iv)) and the tetra methyl ester cahxarene 
(ligand 5 (x)) Selectivity coefficients were estimated by the separate solution 
method at I0 '1 M  concentrations o f primary and interfering ions, divalent 
selectm ties by the mixed solution method
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In contrast to the well-known behaviour of many tetraester and tetraketone-based 
electrodes, there is virtually no response to sodium ions (log kEu,Napot= - 2  0) 
Interestingly, the data suggests that the ligand may be selective within the lanthanide 
series itself (log k Eu,LaP°t = -18) The results o f the injection experiments discussed 
below also support this evidence of selective complexation within the Lanthanides
5 3 1 3  Stability
A vital characteristic of any sensor is its stability with respect to time The electrode 
showed good stability over a period of 20 days with the slope (lO 'M o '1 M EuCl3) 
never dropping below 15 mV/decade
2 2 7
Figure 5.5: Lifetime studies Slope (mV/decade) vs time fo r  the electrode 
containing the t-butyl tetraphosphine oxide calix[4]arene 5 (iv) Slopes calculated 
over the I f f1 M  - I ff4 M  concentration range o f EuCl}
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5 3 14  Injection experiments
The dynamic response of tetraphosphine oxide 5 (iv) to a ten-fold increase in Eu(III) 
concentration (10'3 M to 10'2 M EuCl3) is shown in Figure 5 6 There is a sharp 
response to the change in concentration of europium up to 17 mV which is almost 
the theoretical value However, a similar injection of LaCl3 into 10‘3 M EuC13 
resulted in a smaller increase in potential of 6 mV which supports the separate 
solution measurements indicating that some selectivity within the lanthanide series 
may exist For an equivalent sodium injection there was only a slight increase of 
about 2 mV and similar changes in potential were obtained with injections of other 
cations (Li+, Na+, K+, N H / Mg2+, La3+) as shown in Table 5-2, demonstrating that 
ligand 5 (iv) is selective for europium Calcium was the only other ion to generate a 
significant response (15 mV, theoretical response is 29 6 mV/decade at 25°C) 
Interestingly, these results suggested that the electrode could be used for Ca2+ 
measurements with excellent selectivity against common interferents, particularly 
Mg2+ This was found to be true with the outcome of a calcium selective electrode 
incorporating ligand 5 (iv) exhibiting near-Nemstian slopes (26 3 mV/decade) and 
excellent selectivity against common cations, including magnesium (log k c a,Mgpot=  -  
2 6)[15]
For comparison, Figure 5 7 shows the dynamic response of the cahx[4]arene 
tetramethyl ester 5 (x) based electrode to a ten-fold increase in concentration (10'3 M 
to 10'2 M NaCl) As expected, there is a fast, almost theoretical, response to sodium 
(56 mV) Identical injections of europium and lanthanide produced only a slight 
increase m potential of around 5 mV These experiments demonstrate the striking 
difference in selectivity between ligands 5 (iv) and 5 (x) This difference m selectivity 
between the two ligands produced by replacement o f the carbonyl groups of ligand 
5(x) by the phosphine oxide groups in ligand 5 (iv) results in an lonophore that is 
highly selective for complexation of europium against sodium
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Figure 5.6: Response ofPVC membrane electrode incorporating ligand 5 (iv), 
tetraphosphine oxide, to injections o f 0 225 mL o f a IM  solution o f various metal 
ions into 25 mL o f JO'3 M E uC h solution producing a ten-fold excess o f the injected 
ion Theoretical response is 19 7 m Vat 25°C
Figure 5.7: Response ofPVC membrane electrode incorporating ligand 5 (x), 
te trame thy I ester, to injections o f 0 225 mL o f metal ion solutions (1M) into 25 mL 
o f 10'3 M N aC l solution producing a ten-fold excess o f the injected ion Theoretical 
response is 59 2 m V at 25°C
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Ligand 5 (>v) 5 0 0
Cations
Change in potential 
(mV)
Na+ 1 8 55
r 1 0 -5 0
N H / 0 0 -6  0
Li+ 2 2 -6  0
Ca2+ 15 0 -4 0
Mg2+ 0 0 -4 0
Eu3+ 18 0 50
La3+ 6 0 5 0
Table 5-2: Change in potential obtained by injecting 225 juL o f a variety o f metal 
ions into a 25 mL aliquot o f 1 x 10'3 M  o f the primary cation (  EuCh and NaCl in 
the case o f 5 (iv) and 5 (x) respectively) causing a ten-fold excess o f the injected 
ion
2 3 1
5 3 15 FIA experiments
Figure 5 8 shows an FIA trace obtained for injections of 10'4 M, 10'3 M and 10'2 M 
EuCb (in 0 1 M KC1) using a earner of 10‘7 M EuCb and 10' 1 M KC1 at a flow rate of 
1 mL /min The peak height increases with increasing concentration and the peak 
heights are also reproducible The signal is slow to return to baseline for the three 
concentrations investigated This could be rectified by reducing the size of the 
sample loop and also by reducing the membrane thickness Increasing the flow rate 
may also reduce the dnft in the signal In Figure 5 9 the response to a ten-fold 
increase (lO"4 M to 10‘3 M) in europium (III) concentration indicates a fast and 
reproducible response to europium (III) The earner used in this case was 1CT4 M 
EuCU and 0 1 M KC1 This dynamic response to europium (III) suggests that the 
sensor could be used m contmuous momtonng or automated analysis
2 3 2
10 M
10 15 20
Time (m inutes)
25 30
Figure 5.8: FIA trace obtainedfor injections o f 10'4 M  to 10~2 M EuC h (adjusted to 
an ionic strength o f 0 1 M usingKC l) with a carrier containing 1 0 7M EuC h and 
0 1 M K C l An injection volume o f 150 juL with a flow  rate o f 1 mL /mm was used 
throughout
Figure 5.9: FIA trace showing peaks obtained on injection o f 10'3 M EuC h  
(adjusted to ionic strength o f 0 1 M  using KCl) with a carrier containing I ff4 M  
EuCh and 0 1 M KCl, resulting in a ten-fold increase in concentration o f EuCls
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5.3.2 Ligands 5 (v) and 5 (vii)
The p-t-butyl calix[6 ]arene phosphme oxide 5 (v) and the dealkylated tetraphosphine 
oxide 5 (vii) were also investigated for their selectivity
5  3  2  1 General characteristics
The electrode based on the hexamenc phosphine oxide calix[6]arene 5 (v) gave an 
average slope of 16 6 ± 0 7 mV/decade EuCU over the range studied The average 
slope for the dealkylated tetramer 5 (vii) was found to be 17 2 ± 0 6 mV These 
slopes are slightly higher than that obtained for the /?-t-butyl phosphine oxide 
calix[4]arene 5 (iv) When the calibrations were earned out in buffered solutions, the 
slopes were improved to 18 2 and 18 5 mV/decade for 5 (v) and 5 (vii) respectively 
(Theoretical slope =19 7 mV/decade for a tnvalent ion at 25° C)
5 3 2  2  Selectivity coefficients
The selectivity coefficients for the two electrodes are shown m Table 5-3 It would 
appear that the two electrodes are not as selective as ligand 5 (iv) However the 
selectivity over calcium is improved with ligand 5 (v) where the log kE c^a1** = - 1 0  
The selectivity over sodium is not as good as ligand 5 (iv) with log kEu,Napot values of - 
0 8 and -0 9 for ligand 5 (v) and 5 (vii) respectively Interestingly, the data suggests 
that the ligand 5 (vii) may be selective within the lanthanide senes itself (log k a o /0* = 
-1 1)
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Ligand 5 (v) 5 (vii)
i iP otlog ic ,
Na+ l O 00
ONo1
r -0 5 -1 1
N H / -0 1 -0 9
Li+ -0 6 0 5
Ca2+ -1 0 0 2
Mg2+ -1 5 -1 8
La3+ -0 6 -1 1
Table 5-3: Selectivity coefficients o f the PVC membrane electrode incorporating the 
hexaphosphine oxide calixarene (ligand 5 (v)) and the dealkylated tetraphosphine 
oxide calixarene (ligand 5 (vii)) Selectivity coefficients were estimated by the 
separate solution method at I  O'1 M  concentrations o f primary and interfering ions, 
divalent selectm ties by the mixed solution method
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5 3 2 3 Stability
Both electrodes appear to be stable over a period of 20 days with the slope 
(measured over the range lO"4 M-10'1 M EuC13) never falling below 16 mV/decade 
The variation o f the slope with time is illustrated in Figure 5 10
5 3  2  4  Injection experiments
Figure 5 11 shows the dynamic response of the electrode incorporating the 
hexaphosphine oxide calix[6]arene There is a Nemstian response to both Eu3+ and 
La3+ with the potential reaching about 20 mV in each case in contrast to ligand 5 (iv) 
where there appeared to be some selectivity within the lanthanide series For an 
equivalent sodium injection there was only a slight increase in potential up to 4 mV 
Table 5-4 gives the changes in potential on the injection of other interfering cations 
The small increase in potential on injection of Ca2+ supports the evidence of 
selectivity over calcium as seen m the selectivity coefficient results
There is a near-theoretical response to Eu3+ with ligand 5 (vii) as shown in Figure 
5 12 but there is considerable dnft as the membrane potential is decreasing slowly, so 
AE depends on when you measure After 60 seconds the change in potential is 
approaching 20 mV The same dnft in potential occurs on injection of La3+ and after 
60 seconds the change in potential is equal to 15 mV which suggests selectivity 
within the lanthanides as was demonstrated in the selectivity coefficient 
measurements (Table 5-3) On injection of sodium the potential rises to about 7 mV 
On examination of the data m Table 5-4 there is considerable response to a number of 
injected ions, namely Li+ and Mg2+ with the potential rising to 16 and 10 mV 
respectively A large increase in potential occurs on the addition of Ca2+ up to 25 
mV which is close to the Nemstian response for a divalent cation
2 3 6
Figure 5.10: Lifetime studies Slope (mV/decade) vs time fo r  the electrode 
containing the hexaphosphine oxide cahx[6]arene 5 (v) and the dealkylated 
tetramer 5 (vii) Slopes calculated over the I f f1 M -I ff4 M  concentration range o f 
EuCU
2 3 7
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Time Is
50 60 70 80
Figure 5.11: Response o f PVC membrane electrode incorporating ligand 5 (v), 
hexaphosphme oxide, to injections o f0 225 mL o f a 1M solution o f various metal 
ions into 25 mL o f 10 s M EuC h solution producing a ten-fold excess o f the injected 
ion Theoretical response is 19 7 m V at 25°C
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Figure 5.12: Response o f PVC membrane electrode incorporating ligand 5 (vii), 
dealkylated tetramer, to injections o f0 225 mL o f metal ion solutions (1M) into 25 
mL o f I  O'3 M N aC l solution producing a ten-fold excess o f the injected ion. 
Theoretical response is 19 7 m V at 25° C
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Ligand 5(v) 5 (vii)
Cations
Change in potential 
(mV)
Na+ 5 0 7 0
r 3 0 4 0
N H / 1 0 5 0
Li+ -4 0 16 0
Ca2+ 2 0 25 0
Mg2+ 4 0 10 0
Eu3+ 20 0 21 0
La3+ 23 0 170
Table 5-4: Change in potential obtained by injecting 225 pL o fa  1 M  solution o f a 
variety o f metal ions into a 25 mL aliquot o f 1 x  I ff3 M  o f the primary cation 
(EuCh) causing a ten-fold excess o f the injected ion
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From these results it would appear that the two ligands investigated in this study are 
not as selective as the p-t-butyl phosphine oxide cahx[4]arene 5 (iv) As discussed 
earlier this ligand has a rigid distorted cone conformation and the orientation of the 
substituent groups are arranged in such a way that the calixarene can selectively bind 
Eu3+ in the presence of other cations and the results even suggest selectivity within 
the lanthanide series itself
The energy minimised structure of ligand 5 (iv), 5 (vii) and 5 (v) are shown m Figure 
5 13, Figure 5 14 and Figure 5 15 respectively, showing the side and top view of the 
molecules The structure were minimised using Hyperchem v 4 0 which employs 
molecular mechanics with the force field MJVT The following algorithms were also 
employed, Steepest Decent, Polak-Ribiere and Newton-Raphson Light blue = 
Carbon atoms, red = oxygen atoms and phosphorous atoms = yellow Hydrogen 
atoms are not shown for clarity The interatomic distances measured between p-1- 
butyl phosphine oxide calix[4]arene, 5 (iv), and the dealkylated tetramer 5 (vii) 
illustrate that the molecules are very similar in conformation However, the 
dealkylated tetramer would result in a molecule that is conformationally mobile due 
to the lack of the bulky t-butyl groups on the upper run The groups attached to the 
lower run of the calixarene may pass through the annulus of the macrocyclic ring by 
rotation about the Ar-CH2 bonds and thereby assume other conformations 
Therefore, eventhough 5 (iv) and 5 (vii) are structurally similar, the conformational 
mobility o f 5 (vii) would result in a less rigid cavity which may explain the decrease 
m selectivity observed for this ligand
The hexamenc substituted calix[6]arene 5 (v) results in a cavity of much larger 
dimensions than the tetramer as shown in Figure 5 15 For example the distance 
between the phenolic oxygens of the tetraphosphine oxides are 3 6 A and 5 2 A for 
opposing rings, for the hexamer these distances have increased to 12 8 A and 14 6 A 
The decrease in selectivity seen with the hexamer 5 (v) is probably due to this 
increased cavity size with the ligand being able to accommodate La3+ to much the 
same extent as Eu3+ (Figure 5 11)
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Side view
Top view
Figure 5.13: 3-d energy’ minimised structure o f the tetraphosphine oxide 
calix[4Jarene 5 (iv) obtained using Hyperchem v.4.0.
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Side view
Top view
Figure 5.14: 3-d energy minimised structure o f the dealkylated tetraphosphine oxide 
calix[4]arene 5 (vii) obtained using Hyperchem v.4.0.
2 4 2
Figure 5.15: 3-d energy minimised structure o f the hexaphosphine oxide 
calix[6]arene 5(v) obtained using Hyperchem v.4.0.
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5 . 4  C o n c l u s i o n
In conclusion a PVC membrane electrode based on lonophore 5 (iv) has been 
developed which is selective for Eu(III) in the presence of a high background of Na+ 
and other common ions The results also suggest that there is selectivity within the 
lanthanide series itself The dramatic difference in response between ligand 5 (iv) and 
5 (x) confirms how the complexation ability of calixarenes strikingly depends on the 
ligating functional groups attached The hexamenc form of the phosphine oxide and 
the dealkylated tetramer are not as selective as 5 (iv) and this is probably due to their 
conformation
The determination of lanthanides by this PVC membrane electrode method would 
have little value in an analytical situation but is very useful as a screening method for 
the determination of selectivity over other cations which may not appear obvious 
from extraction data As discussed earlier the low selectivity for calcium of the 
tetraphosphine oxide prompted our group to investigate this calixarene as a calcium 
selective ligand which proved to be selective over magnesium and other interfering 
cations
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